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FOREWORD 
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1.0 INTRODUCTION 

The Composites for Advanced Space Transportation Systems 
(CASTS) Project was initiated in July 1975 to develop graphite 
fiber/polyimide matrix (Gr/PI) composite s:ructures with 589K 
(6000F) operational capability for application to aerospace 
vehicles. Compared to conventional aluminum structures which 
must not exceed 450K (350°F), Gr/PI composite structures offer 
the potential for decreasing structural mass and/or improving 
the performance of aerospace vehicles. The potential improve- 
ments are related to the higher specific strength and stiffness 
of Gr/PI composites and the higher allowable operating tempera- 
ture which reduces the amount of insulation required to protect 
the structure dur Ing reentry. 

Deficiencies in Gr/PI composites technology identified at 
the beginning of the CASTS Project included: inadequate 
materials specifications and fabrication procedures compatible 
with existing facilities in the aerospace industry, very 
limited experience on measuring design allowables data at 589K 
(600°F), insufficient data to assess the effects of exposure 
to thermal, moisture, chemical and/or mechanical environments 
predicted for aerospace vehicles, and a need to extend the design 
and analygis methodology for composite materials to include 
589K (600 F) operational structures. Both NASA Langley Research 
Center in-house and contract efforts were initiated to overcome 
these technology deficiencies. 

Selecting a reduction in mass fraction of approximately 
twenty five percent for Gr/PI composite structures compared to 
conventional aluminum aerospace structure as the major goal, the 
project plan shown in figure 1.0-1 was developed. Major tasks 
include: screening composites and adhesives for 589K (600°F) 
service, developing fabrication procedures and specifications, 
developing design allowables test methods and data, design and 
test of structural elements and construction of an aft body flap 
for the Space Shuttle Orbiter Vehicle which will be ground tested. 
The bubble in figure 1.0-1 entitled advanced technology development 
includes far term research on new materials, manufacturing proce- 
dures and design/analysis methodology. 

Significant portions of the information reported herein are 
from research efforts that are on going and must be considered 
preliminary. For example, fabrication procedures and material 
specifications will continue to be modified as more experience 
is obtained and the data base increases. In addition, definition 
of the limits on application of Gr/PI structures to aerospace 
vehicles must await completion of the investigation of the effects 
of exposure to moisture, thermal and chemical environments. 

1 
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2.0 SUMMARY 

Significant progress has been made toward achieving the 
CASTS Project goal of developing Gr/PI composite structures 
that will have 589K (600'F) operational capability and be 
twenty five percent lighter than ccnventional metallic 
structures. Interlaminar shear and flexure data indicates 
that NR150B2 and THERMID 600 polyimide matrix composites have 
the potential for 500 hours service at 589K ( 6 O O O P )  and that 
PMR-15 and LARC 160 polyimide matrix composites have the 
potential for 125 hours service at 589K (600OF) or 500 hours 
at 561K (550OF). Screening studies which utilized composite- 
to-ccmposite and composite-to-metal lap shear specimens and 
glass/polyimide honeycomb specimens indicate that FM-34, W C -  
13 and modified NR150B2G adhesives have the potential to 
achieve the project goals. 

In-house effort has demonstrated the capability to make 
reproducible graphite fiber/PMR-15 prepreg utilizing a 
drum winding apparatus. Gr/PMR-15 laminates up to 0.953 cm 
(0.375 in.) thick and Gr/LARC 160 laminates up to 0.318 cm 
(0.125 in.) thick have been fabricated. Specifications for 
characterizing Gr/PMR-15 and Gr/LARC 160 prepreg and pro- 
cedures for non destructive evaluation of cured laminates 
have been developed. Status reports or contract efforts to 
develop fabrication procedures and specifications on NR150B2, 
PMR-15, LARC 160 and THERMID 6 0 0  polyimide matrix composites 
are summarized herein. 

Development of test methods for determining mechanical 
design allowables including tension, compression, shear, 
bolt bearing and adhesively bonded scarf joints over the 
temperature range 117K to 589K (-250°F to 600'F) is underway. 
The capability to determine strength, strain to failure, Poisson's 
ratio and modulus for tensile coupons has been demonstrated. 
ITTRI compression tests have been performed at RT and 589K 
(600°F) and sandwich beam compression data obtained at 117K 
(-250°F) a2d RT are reported herein. Preliminary data from 
constant amplitude fatigue tests on HTS/PMR-15 indicate 
shortening of fatigue life with increasing temperature. 

A comprehensive program to assess the effects of 
moisture, temperature, thermal cycling and shuttle fluids 
on the therntzl, physical and meLhanical properties of Gr/PI 
is underway and preliminary data obtained to date have 
not uncovered any environmental degradation problems that 
would preclude the use of Gr/PI in advanced space 
transportation systems. 
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A new hybrid, anisotropic quadrilateral finite element 
which accounts for bending-extensional coupling and recovery 
of layer stresses has been evaluated and the results indicate 
the element has broad app1;cation to advanced composite 
structures at elevated temperatures. 
a preliminary design of a Gr/PI aft body ilap for the Space 
.Shuttle Orbiter indicates that much of the structure will be 
minimum gage sandwich construction due to the low load 
levels. 

Work underway to develop 

Stiffened and sandwich designs of compression and shear 
panels are being investigated. Optimum compression crippling 
specimens have been designed and are currently being 
fabricated and will be tested at temperatures up to 589K 
(600°F). Current effort on the shear panels is focussing on 
definition of the test method and analysis of various 
structural concepts. 
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3.0 MATERIALS SCREENING 

3.1 Graphite/Polyimide Composite Materials 

John G. Davis Jr. and W.T. Hodges 

Fourteen resin matrix composiL-e materials have been screened 
to obtain a preliminary estimate of their maximum continuous 
service temperature for 500 hours. The initial goal was to 
identify at least three resin matrix composites w i  th 559K (6OOOF) 
service capability for 500 hours. Except for one polyphenylquin- 
oxelene, all matrices were polyimides. Limits of 2.07MPa (300psi) 
and 5.6E (1OOF) per minute were imposed on the maximum allowable 
pressure and temperature rise rate, respectively, that could be 
utilized to fabricate laminates. The purpose of this restriction 
was to insure that cure cycles compatible with most of the aero- 
space industry's existing capability would be used in laminate 
fabrication. 

Figure 3.1-1 lists the composite materials, the prepregger 
and fabricator. HR600 and THERMID 600 are the same chemical 
formulation which was produced first by Hughes and subsequently by 
Gulf under license with Hughes. 
ience with the material that was purchased. Laminates obtained 
from all fabricators were subjected to visual and ultrasonic C- 
scan inspection to detect cracks, delaminations and porosity. 
Inspection indicated that four of the composite materials did not 
warrant testing: HTS/P13N, HTS/PPQ,HTS/SKYBOND703 and HTS/SKYBOND710. 
The marginal quality of these four sets of laminates was attributed 
to the fabrication constraints and should not deter consideration 
of these materials for applications where higher pressures or 
temperature rise rates are permisslble. 

Flexure specimens with nominal dimensions of 7.620 X 1.270 
X 0.152 cm (3.000 X .500 X .060 in.) and short beam shear specimens 
with nominal dimensions of 1.613 X 0.635 X 0.318 cm (.635 X .250 
X .125 in.) were machined from tk.e remaining sets of lauinates 
and exposed in atmosp5eric pressare air maintained .at 505K (450°F), 
S33K(500°F), 561K(550°F) or  589B (600°F) for periods up to 5 0 0  hours. 
The flexure specimens were tested in accordance with ASTM standard 
~ 7 9 0  utilizing a 32-to-1 span-to-depth ratio, whereas the short 
beam shear specimens were tested iz accordance with ASTM standard 
D2344 utilizing a 4-to-1 span to depth ratio. Specimens tested 
at elevated temperature were maintained at the test temperature 
for 15 minutes prior to the initiation of loat'i-ng. 

Each fabricator had prior exper- 

Figure 3.1-2 lists the test results. Interlaminar shear 
strength data on ?directional specimens indicate that HTS/HR600, 
HTS/NRlSOB2 and HTS/THERMID 600 composites retained approximately 



6 

one half of their initial room temperature strength when tested 
at 589K (600OF) after 500 hours exposure in 589K (600OF) air. 
Composites with PMR-15 and LARC 160 matrix materials exhibit 
similiar degradation after 125 hours exposure. Flexure strength 
data on unidirectional specimens indicate that HTS/NR15OB2 and 
HTS/THERMID 600 composites retain approximately eighty percent of 
their initial room temperature strength when tested at 589K (600°F) 
after 500 hours exposure in 589K (600°F) air; whereas, HTS/LARC 160 
and HTS/PMR-15 retain approximately two thirds of their initial 
strength after 125 hours and 500 hours exposure, respectively. 

Examination of the data in figure 3.1-2 leads to the conclu- 
sion that HTS/NRlSOB2 and HTS/THERMID 600 are the only materials 
with 500-hour service capability at 589K (600OF). However, HTS/ 
LARC 160 and HTS/PMR-15 test data indicate 125-hour service capa- 
bility at 589K (60O0F) and 500-hour service capability at 561K 
(550OF). 
indicate as much potential for either 561K (550°F) or 589K (6OOOF) 
service. 

The other materials listed in figure 3.1-2 did not 

Based on the results reported herein, NR150B2, LARC 160, PMR-15 
and THERMID 600 polyimide matrix composites were selected for 
detailed evaluation including development of fabrication procedures 
and specifications. 
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3.2 S t m c t u i a l  Adhesives 

* Donald Progar, Terry S t .  Clair and Paul Hergenrother 

A high temperature structural adhesive is needed i n  t h e  CASTS Project 
for Joining composite t o  ccmposite and composite t o  titanium and f o r  bonding 
honeycomb sandwich. 
capability to temperatures as high as 589K (600%) for a minimm of 125 
hours. 
favorable p rope r t i e s  which includes autoclave p rocessab i l i t y ,  low volatiles 
content, large-area honeycomb sandwich bonding capab i l i t y ,  and high mechani- 
cal  propert ies  under a variety of environmental conditions. 

The bonded structural elements m u s t  have operat ional  

The i d e a l  adhesive system should exh ib i t  a unique combination of 

The p r i m  ob jec t ive  of the i n i t i a l  structural  adhesive e f f o r t  w.s t o  
screen suitable candidates for 589K performance. 
candidates would then undergo more comprehensive evaluation and eventual 
development into p r a c t i c a l  s t r u c t u r a l  adhesive systems. The following 
adhesives were i n i t i a l l y  se l ec t ed  for screeninp;: 
-34, Dupont's modified NR-150B26, Rhodia's Nolfmid A-380, 
NASA Langley's T d C - 1 3 ,  and polyphenylquinoxalines (PFQ: . The Nolimid 
A-380 has s ince  been taken off  the  market and has been dropped from t h e  
program. Although a l l  the  candidate adhesives except LARC-13 have cmdergone 
p r i o r  evaluation i n  titanium-to-titanium bonding for 5 8 9 ~  use i n  var ious 
laboratories, it was necessary to reevaluate the  adhesives with composite 
adherends. I n  addi t ion t o  s a t i s f a c t o r i l y  passing a series of s t r eng th  and 
environmental tests the  adhesives had a l s o  t o  be capable of being produced 
i n  large q u a n t i t i e s  f o r  commercial use. 

The most promising 

American Cyanamid's 

No r e s t r i c t i o n s  were placed upon process conditions during t h e  
i n i t i a l  psrt of t h e  screening phase. 
PMR-15 composites became t h e  prime adherend and t h e  cure teinperature 
w a s  r e s t r i c t e d  t o  602-616~ (625-650OF). 
resul ted i n  degradation of PMR-15 composite propert ies .  

As work progressed ho-L ::?r, 

Higher temperatures frequently 

The r e s u l t s  of t he  evaluation of each candidate adhesive are discussed 
i n  t h e  following sec t ions ,  except f o r  modified NFil5OBZG which i s  discassed 
i n  sect ion 12.1. The major portlon of adhesive evaluation was confined 
t o  l a p  shear specimen configurations,  due primarily t o  the  a v a i l a b i l i t y  
of high qua l i t y  composite adherends. Variations i n  the  thicknes.s and 
s t rength of the composite adherends of ten r e su l t ed  i n  large va r i a t ions  
i n  adhesive performance. 

* Research Associate, Virginia Polytechnic I n s t i t u t e  and S t a t e  
University, Blacksburg, VA (NASA G r a n t  NSG-1124). 
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-34 adhesive f i lm  consists of a polyimide prepolymer f i l l -  
num p o w d e r  and supported on s t y l e  112 g lass  carrier cloth. 
by Bloomingdale Department of the  American wanamid Company. Tb . 
cures by a condensation reaction under moderate time/pressure p7 
temperature range from 533g (50Ci°F) to  644K (700OF). Volatiles .. . 
during cure. iliaher cure temperatures favor maximum s t rength at , ' <  > 

operating temperatures. Because excellent metal-to-metal Zap s-Y : . :: . 
w e r e  repurted by the  vendor (ref. 3.k-1) and i n  the  l i t e r a t u r e  it ':  

t h i s  adhesive w a s  considered a good candidate f o r  t h e  CASTS Pn: 
high performance composite-to-composite and camposite-to-metal 
were required. 

I t  L. * . t v l e  

4 

'. 
, 

?he technology developed f o r  bonding metal-to-metal with FM-34 w a  . . 
as the s t a r t i n g  point to  develop a process f o r  bonding composite t o  c- . . : 1 

and composite t o  meta l .  
cedures fo r  metal-to-metal bonds covered a broad range; however, a typ ica l  
bondiag cycle involved a #)-minute heat-up to 56lK (550OF) and a 90-dnute 
cure at  temperature under 280 kPa (20 ps i )  pressure. 
service temperatures over 56LK (550 F) but below 644K (70O0F), the  cure 
temperature w a s  reconmended to be the  same as the service temperature. 

The vendor's recommended bonding and curing p r a  

For optimum results 

The standard lap shear specimen configuration and test procedures f o r  
metal-to-metal bonds as given i n  ASTM D-1002 w e r e  used. 
s i s t e d  of t w o  2.5 cm (1.0 in.) wide by 6.5 cm (4.0 in.) long adherend; b o n e  
with a 1.3 cm (0.5 in.) overlap. Room temperature (RT) and 589K (600 F) .. 

tests were conducted on an Instron Universal Testing machine at a cross- 
head speed of 0.1 d m i n .  (iB.05 in./min.). 
w a s  used f o r  elevated temperature tests. Specintens were s0akf.d 10 minutes 
at temperature p r io r  t o  tes t ing.  T e s t  temperature, l ap  shear s t rength  and 
type of f a i lu re  were recorded f o r  each specimen. 

The specimen con- 

A clamshell quartz-lamp furnace 

The composite adherends used i n  t h i s  study were fabricated at NASA- 
Laiigley from HTS graphite and PMI-15 polyimige (€lTS/PMF$lS) i n  unidirect ional  
and pseudoisotropic (Oo, +45, 90°, -45O, -45 , 90°, +45 , Oo) layups. 
laminate= were nominall7 0.28 em (0.1: in.) and 0.15 e m  (0.06 in.) thick,  
respectively. Short beam shear (SBS) s t rengths  were determined f o r  unf- 
di rec t iona l  composites at  RT and 589K using ASTM D-2344. 
ranged from 78.6 MPa (11,400 p s i )  t o  88.3 MPa (12,080 p s i )  and a t  589K from 
27.2 MPa (3,950 p s i )  t o  54.7 MPa (7,940 ps i ) .  
also used t o  determine the qual i ty  of the laminates. 

The 

The RT SBS s t rengths  

Ultrasonic inspection w a s  



Composite-to-colpposite lap shear test specimeos were fabricated (in- 
house by bonding two pieces of composite 10.2 aa x 11.9 ca (4.00 in. x 
4.68 in.) with a 1.3 cm (0.5 in.) overlap and the 0' f i b e r  directloa parallel  
t o  the 10.2 cm (4.00 in.) d i m i o n .  
are shown in figure 3.2-l(a). Individual 2.5 ca (1.0 in.) wide spech~sw. 
were cut on a diamnd wheel saw. Tftanirsr (6Al-4V)-to-titaniue (=/Ti) 
specisreas were fabricated by bonding two "four-fingered coupam- with a 
1-37 3 (0.50 in.) overlap, then shearing the coupons into Individual 2.5 
cm (1.0 in.; wide specimens (figure 3.2-l(b)). 

Specimens &Pilar to those deacgibe&- 

V a r i a b l e s  in-tigated during this booding study included use of 
vacuum and no vacuum, lxmding pressures, cure temperatures aud tires, 
postcure temperatures, and several primer and adhesive batches. 

P r o c e . i c c 5  f o r  tiranium and conpotsite surface preparation, priming, 
. bonding of lap shear specimens, and bonding of f l a t v i s e  tensile (q) 

speciarens are given in Appendix 3.2-A. 

Lap shear strengths and process  conditions f o r  ¶'i/Ti bonds are 
in figure 3.2-2. 
vacuum are u i th in  the n o d  scatter obtained f u r  sucb tests ad the wal- 
agree with tkseoreported by o the r  investigators (ref. 3.2-2). 
of the  58% (600 F) tests (with and w i t h o u t  vacuum) are as p d  as or 
be t t e r  than mst of the  da ta  reported i n  the  l f t e r a tu re ,  which range from 
7.6 MPa (1100 ps i )  t o  13 P6a (1900 ps i )  (ref. 3.2-2). A l l  f a i l u r e s  at  589K 
were cohesive. 
f=-mrably with those reported i n  the  l i t e r a t u r e ,  the same process w a s  used 
f o r  bonding composite adherends. 

The RT st rengths  f o r  those processed with and without 

The-results 

Since the  s t rengths  obtained f o r  these titanium bonds coapared 

Lap shear  s t rengths  f o r  bonded lES/PnB-15 d d i r e c t l o n a l  canposite 
are giver? i n  f igure 3.2-3. 
were 12 percent lawer than the  Ti specimens [21.08 HPa (3057 p s i )  versus 
18.51 ma (2685 p s i ) ]  with f a i lu re  occurring i n  the composite. The test 
values obtained at 589K f o r  the  composite specimens were 11.6 percent less 
than the T i  values. 

The RT values for coaposite adherend spec- 

Lap shear s t rengths  f o r  t f  tanium-to-HTS/PMR-lS crossplyocompot$te - 
specimens are given i n  figure 3.2-4. Crossply composite (0 , +65 , goo, -45O 
-45O, 90°, +45 , Oo) w a s  used instead of unidirectional composite because the  
latter s p l i t  during the  bonding process due t o  stresses created by t h e  
differences between the coeff ic ients  of thermal expansion of the  t i tanium 
and composite. The RT values were l o w  [average 9.13 WPa (1323 ps i ) ]  coopared 
t o  those obtained f o r  unidirect ional  composite-to-composite specimens [21.20 
MF'a (3057 ps i ) ,  f igure 3.2-21, even though a l l  the  f a i lu re s  were in t he  
composite. The 589K strengths  were almost 1 7  percent lower (10.5 kPa (1525 
ps i )  versus 12.6 kPa (1828 p s i ) ] ,  although the  type of f a i lu re  w a s  similar, 
t h a t  is , primarily cohesive. 
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F l a t u i s e  tensile (WI) spechmm were f&ricat@d a d  coosisted of 

f a c e s h e t s  h d e d  with R4-34 to 2.5 cm (1 in.) th lck  glaes/polyid& h o c l e p -  
copb core (ERH-327-3/16-6.0). 
,were b-ded in a separate process t o  the sandwich s t ruc tu re  with a rodified 

strengths for several process amditimm. 
rate of core did not  appear t o  affect the PHT st-aagtbs. 
or Without vacuum did not a f f ec t  €WT streq$b, 88 indicated by the insigpffl- 
cant differences in the results. 
percent composite f a i l u r e  d id  not test the full capability of the adhesive. 
These PUT st-gths were very encouraging, especially Cmsiderhg tbe aige 
of the spechum t ha t  was fabricated and tested. Procedures are behg 
*loped for testing RA epecimen~ at SBK (aoooP). 

7.6 COB x 7.6 QI x 0.2 CBL (3.0 in. x 3.0 x 0.06 ia.) CroSeply 

Stee l  blocks, 7.6 cm x 7.6 cm x 2.1 cm tu&, 

adhest- (fzpSOL 8 A  9628). Figure 3.2-5 g l v e ~  tbe result8 of 
Raa t h e  data pm8mted# the 

Processing wlth 

Specireen rider. 7, which d f i i t e d  Loo 

Lap shear and Rlf specimens Wil l  be fabricated for thermal aging aad 
t h e 4  cycling studies. 
spedmens ut 589K f o r  extended peri04s up to  250 hours and test-g at 
RT and 589%. 
cycle yet t o  be determined; t h e  specimens wfll be t e s t ed  at ET and 5898: after 
10, 50, and 100 cycles. 

Thermal aging studies w i l l  be  performed by errposing 

T h e d  cycling s t d e s  vi11 be performed using a the& 

LOIBC-13 Polyimide 

In order ts fabricate  s t ruc tu ra l  ccclspoaents frm polylmide mmposltes, 

The high tenperature [533-539K (500-600 F)] 
an adhesive was  needed which would be wmpatib3.e chemically and t h w y  
with polyimide resin matrices, 
adhesives current ly  being marketed were developed for bonding e i t h e r  steel 
or titanium. 
designed t o  be chemically similar t o  ex is t ing  high temperature composite 
matrix materials aud to in te rac t  with these lseterials during i. bosding 
cycle t o  fonn a continuous bond of very high strength.  
avr l lab le  high temperature adhesives cannot be used in large ares boading 
because they give of f  large amounts of volatiles during the  cure process. 
LARC-13, because of its curing chemistry, evolves re la t ive ly  feu vola t i les .  

The W C - 1 3  (LARC f o r  -gley Research Center) system was 

Also, w-mercially 

Because of its unique molecular building blocks, LARC-13 adhesive is 
e a s i l y  processed at  340 kPa (50 psi)  autoclave conditions and has been 
successfully used to  bond a var ie ty  of adherends. 
composite t n  composite, composite t o  honeycomb, composite to titanium, and 
t i t a n i w  t o  titanium. 
titanium a d  coulposite-twcomposi;e bonds made with L?,RC-13 were e s sen t i a l ly  
the  same as room temperature strengths.  Also, t h e  &ear fa i lu re s  i n  the  
c o w s i t e  bonds at r o o m  temperature (E) were within the  composite aod not 
a= the  bond l i n e .  This indicated tha t  the LARC-13 adhesive w a s  s t ronger  
i n  shear than the composite I t s e l f .  

These include bonding 

The 533K (500'F) l a p  shear s t rengths  of titanium-to- 
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The chemfcal structure of LARC-13 is shown below: 

Corsposit rto-composite l a p  shea r  specimens were bonded both wi th  and 
without a pro essing vacuum to d e t e m i n e  t h e  effect of t h e  V~CUUII on lap 
shear ztrengt’. (.US) of t h e  bonded joint. 
3.2-6, s%ow t h a t  no g igp i f i can t  d i f fe rences  in LSS, e i t h e r  at room temperature 
(RT) or at  589K (600 F), were observed wi th  specimens processed e i t h e r  with 
or withoLt vacuum. 
ply, while the failures at 589K (6006F) were pr imar i ly  cohesive. 

The results, given i n  Figure 

The fsilures at RT were primari ly  in the composite first 

The LSS values at 5e3K (600017) shown i n  f igu re  3.2-6 were lower than 
t h e  goal o r  34 iYPa (2000 psi) set f o r t h  in the CASTS A d h e s i v e  Screening 
Task. 
ticm tempel-ature (T ) of t he  adhesive when cures  were held to  589-602K 
(600°-6250F?). 

t o  increase the T of t he  adhesive was studied. The d a t a  i n  Figure 3.2-7 
show that t’le h i g f e r  postcure temperature increased t h e  LSS at 589K (6oooF) 
by 68 p e r c e f  [fmm 8.1 Mpa (1174 psi) t o  13.6 ma (1979 ps i ) ] .  
CASTS’ goal for LARC-13 F: Les ive  has been achieved. The va r i a t ion  i n  Lss 
values at RT w a s  probably due t o  d i f fe rences  i n  composite surfaces .  
t h e  RT s t r e a g t i s  were lower than des i red ,  the W C - 1 3  bond appeared to be 
s t ronger  than t he  s t r eng th  of t he  composite adherend i t s e l f .  
bonding process seemed to  give t h e  bes t  compromise between RT and 589K 
(600’F) s t r e n g t d  for o v e r a l l  CASTS object ives .  

The lou values at 589K (60OOF) r e su l t ed  from t b e  lower glass transi- 

Thergfore, t he  e f f e c t  of postcuring at 616K i65OoF) in order 

Thus, t h e  

While 

Thus, t h i s  

Lab procedim s f o r  LARC-1‘ synthes is ,  composite sur face  preparat ion 
and priming, t a p e  preparatic.,, bonding and postcuring are given i n  Appendix 
3.2-R. 

LARC-13 ‘li/Ti b ds w i l l  be made and t e s t ed  at RT and 589K. Composite-to- 
composite bonded mecimens will be f ab r i ca t ed  f o r  the thermal  aging s tudies .  
Flatwise t e n s i l e  specimens using H!PS/PMR-15 facesheets  and g lass /PI  honey- 
corn!, core  w i l l  be fabr ica ted  f o r  t h e  thermal aging and thermal cycl ing 
s tudies .  
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Polypheny lquinoxal ines  (PPQ) 

The purpose of t h i s  study w a s  t o  evaluate PPQ as high temperature 
s t r u c t u r a l  adhesives f o r  j o in ing  titanium-to-titanium (Ti/Ti), t i tanium- 
to-coqposite (Ti/C) , romposite-to-composite (C/C) , and honeycomb sandwich 
bonding. 

Polyphenylquinoxalines w e r e  prepared i n  so lu t ion  i n  high molecular 
weight f o m  f r o m  t h e  reac t ion  of  aromatic bis(o-diamines) end aromatic 
bis(pheny1-a-diketones). 
p o t e n t i a l  f o r  use as high temperature s t r u c t u r a l  adhesives f o r  j o i n i n g  
T i / T i  and honeycomb sandwich s t r u c t u r e  ( refs .  3.2-3 and 3.2-4). Solut ions 
of the PPQ w e r e  used t o  prepare adhesive tapes which were d r i ed  t o  law 
volatile content levels ( < l X ) .  
t h e  thermoplast ic  na ture  of  PPQ. Several  PPQ were screened i n  prel iminary 
adhesive work. One polymer, PPQ 413, from t h e  reac t ion  of 3,3',4,4'- 
tetraaminobiphenyl and 1,3-bis(phenylglyoxalyl)benzene was se l ec t ed  
f o r  more comprehensive adhesive work. The e f f e c t  of polymer molecular 
weight, t ape  volat i le  content,  T i  sur face  treatment,  various composite 
adherends, and processing parameters on l a p  shear  s t r eng th  w a s  determined 
by t e s t i n g  specimens under a v a r i e t y  o f  conditions.  
are summarized i n  Figure 3.2-8. 
v i scos i ty ,  as measured on a 0.5% so lu t ion  i n  m-cresol at  298K (77'F), of 
0.61 d l /g  and a g las s  t r a n s i t i o n  temperature (as measured bv d i f f e r e n t i a l  
scanning calorimetry a t  a hea t ing  rate of  2OK/minute) of 591K (604OF). A 
112, A l l 0 0  t ape  containing 1.4% volatiles w a s  used f o r  Ti /Ti  bnding. 
composite adherends were brush-coated with t h e  PPQ so lu t ion  and stage-dried 
up t o  18 hours at  458K (365'F). 
f l uo r ide  while t he  composite adherends w e r e  mildly abraded. 
condi t ions were as follows: 
temperature, t he  temperature increased t o  672K (750'F) during 0.5 h r  
he ld  a t  672K f o r  20 minutes, and cooled under pressure  t o  533K (500°ij. 

These materials have displayed exce l l en t  

These tapes  w e r e  processable by v i r t u e  of  

The l a p  shea r  d a t a  
The PPQ 413 used i n  t h i s  work had an inherent  

The 

The T i  sur face  treatment w a s  phosphate 

1.4 MPa (200 p s i )  pressure applied a t  ambient 
The bonding 

Honeycomb sandwich specimens were fabr ica ted  using HTS/NR-l5OB2 
face sheecs and g l a s s  yolyimide Lore under t h e  following conditions:  
0.34 MPa (50 p s i )  pressure appl ied at ambient temperature, t he  temperature 
increased t o  644K (700'F) during 0.5 hours,  held ak 644K (700OF) f o r  
20 minutes, and cooled under pressure t o  533K (500 F). The sandwich 
specimens exhib i ted  good f i l l e t i n g  of the  adhesive and RT f l a twi se  t e n s i l e  
s t rength  of 3.1 t o  3.4 MPa (455 t o  500 p s i )  wi th  the  f a i l u r e  occurr ing  
at  the  i n t e r f a c e  of t he  PPQ and the  composite. 

After  s i g n i f i c a n t  PPQ adhesive work was performed with no r e s t r i c t i o n  
placed on processing temperature, HTSIPMR-15 w a s  s e l ec t ed  as the  composite 
adherend f o r  fu tu re  adhesitre work. The use o f  t h i s  adherend r e s t r i c t e d  the  
adhesive bonding temperatures t o  602K (625OF) t o  616K (650'F) because higher  
temperatures f requent ly  resu l ted  i n  degradation of composite proper t ies .  
The PPQ used t o  obtain the  adhesive da t a  i n  f igure  3.2-8 was modified 
through solvent  enhancement t o  accommodate the new processing temperature 
l i m i t .  In addi t ion ,  a new acetylene-terminated PPQ was screened i n  
adhesive work. Preliminary adhesive r e s u l t s  are reported i n  f igu re  3.2-9. 
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In summary, polyphenylquinoxalines with l o w  v o l a t i l e  contents  provided 
excellent adhesive performance when processed at 672K (750OP) under 1.4 ma. 
Ilowever, t h e  commercial unava i l ab i l i t y  and the  high processing temperature 
of PPQ has discouraged fu r the r  evaluat ion i n  t h i s  program. The acetylene- 
terminated PPQ at t h i s  s t age  of development is expensive and i n  l imi ted  
supply. Therefore, no f u r t h e r  work is planned with i t  on the  CASTS program. 

The exce l l en t  performvlce of  PPQ 413 f o r  j o in ing  Ti /Ti ,  Ti/C, C/C, and 
honeycomb sandwich bonding is presented i n  ref.  3.2-5. 
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Appendix 3.2-A 

Surface preparation 

A. T i t a n i m  (6  A 1 - h )  

1. Remove markings by washing with wipers soaked i n  acetone. 

2. *Abrade the surface with a l ight  grit  b l a s t  using 120 aluminum oxide and 600-2 
kPa (80-100 p s i )  air pressure. 
from the nozzle. 

Hold panel 20 - 25 cm (8-10 in.)  

3. Wash g r i t  b l a s t ed  surface w i t h  alcohol and air dry. 

4. Phosphate-fluoride preparation 

a. Alkaline clean: Immerse parts i n  a lka l ine  cleaner  (Sprex . 
AN-9, 30.1 g/t)  f o r  15  minutes a t  355K (180~~). 

b. Rinse: Use hot water from faucet.  

c. Pickle:  Immerse for 2 minutes at RT i n  so lu t ion  containing 
31 m l l t  of 48% hydrofluoric acid;  352 m l / R  of 70% 
n i t r i c  acid.  

i 

d. Rinse: Use water at RT. 

e. Phosphate f l u o r i d e  treatment: Soak parts f o r  2 min. a t  RT 
i n  so lu t ion  containing: 

50.5 g/R tr isodiun, phosphate 

20.6 g/R potassium f l u o r i d e  

29.3 @;!E of 48% hydrofluoric ac id  

f .  Rinse: Use water at  RT 

g. Hot water soak: 
15 minutes. 

Use deionized water a t  339K (150°F) for  

h. F ina l  r i n se :  Use deionized water at RT f o r  1 minute. 

i .  Dry: Place i n  forced air oven at 339K ( 1 5 O O F )  f o r  30 minutes. 

j. Prime within 8 hours. 
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B. Composite 

1. Abrade t h e  surface with a l i g h t  g r i t  b l a s t  using 120 aluminum 
oxide and approximately 600-700 kPa (80-100 p s i )  air pressure. 
Hold panel 20-25 cm (8-10 in.) from t h e  nozzle. Remove enough 
material t o  just d u l l  t h e  surface (2 t o  3 sweeps across  t h e  bond area.) 

Wash the g r i t  b l a s t e d  area in alcohol using a l i g h t  brushing 
with an  ac id  o r  similar brush. 

Dry p&el overnight (approx. 16 hours) i n  a forced air oven at 
473K (392OF). 

Sto re  i n  desiccator  u n t i l  primed. 

2. 

3. 

4. 

C. Polyimide/glass honeycomb core 

1. 

P r i m i n g  

1. 

2. 

3. 

4. 

5 .  

Wash i n  alcohol. 

Di1ut.e 3 p a r t s  (by weight) of BR-34 (81: s o l i d s )  with ohe p a r t  
(by weight) of BR-34 thinner .  

For t i tanium and composite bond areas: 
of primer (approx. 2.5 x cm (0.001 i n . ) )  with acid brush o r  
appropriate  method such t h a t  b l i s t e r s  do not form during staging. 
For honeycomb 8 cm x 8 cm (3  in. x 3 in.  ): 
primer t o  a depth of 0.16 cm (1/16 i n . )  on 
both s ides  t o  be bo!?c?cd. 

Apply a very t h i n  coat 

Dip hcneycomb i n t o  

A i r  dry 30 minutes. 

Place coated panel i n  forced a i r  oven gt RT, heat t o  373K !2i2OF), 
hold f o r  30 minutes, heat t o  483K (410 F), hold 45 minutes. 

Remove p a r t s  and s t o r e  i n  sealed p l a s t i c  bag i n  a desiccator .  

Bonding of Lap Shear Specimens 

Cut s u f f i c i e n t  -34 adhesive tape t o  cover area t o  be bonded. 

Place adherends with adhesive i n  f i x t u r e  and maintain 1.27 cm 
(0.5 in . )  overlap,  l o c a t e  thermocouples c lose t o  bond area. 

2. 



3. Process wl*h o r  without vacuum ( f ig .  3.2-10). I f  vacuum bag is used, 
apply f u l l  vacuum throughout bonding procedure. 

Apply 1.38 MPa (200 p s i )  pressure either by press  or siitoclave. 

Heat from RT t o  616K (65OOF) at a heat ing rate of 5K/min. (g°F/min.), 
hold 90 minutes. 

4. 

5 .  

6. Cool to h23K (300'F) 8 3K/min. (S0F/min,. 

7. Release pressure and vacuum, i f  used, and remove assembly. 

8. Place  unres t ra ined  bonded panels i n  a forced air oven f o r  postcure. 
Heat *om RT t o  6 1 6 ~  (65OOF) and hold for 2 hours. 

9. Cool oven t o  RT at 1.5K/min. (3*/min) and remove. 

10. Cut panels  i n t o  ind iv idua l  2.3 cm (1 i n . )  wide specimens. 

Bonding FWT Specimens f o r  RT Testina; 

1. Arrange adhesive, primed honeycomb core, primed facesheets  as shown 
i n  f igure  3.2-11. Place thermocouples i n  c lose  proximity t o  bond 
areas. 

Process with o r  without vacuum. 
throughout bonding procedure. 

2. I f  vacuum is used, apply f u l l  vacuum 

3. 

4. 

Apply 300 kPa (50 p s i )  pressure e i t h e r  by press  o r  autoclave. 

Heat from RT t o  616K (650OF) at a heat ing r a t e  of 5 K/min. (g°F/min.) 
and hold 90 minutes. 

Cool t o  423K (3OOOF) at 3K/min (!i0F/min). 5. 

6. Release pressure and vacuum, i f  used, and remove. 

7. Place unrestrained sandwich s t r u c t u r e  i n  forced air  oven f o r  postcure. 
Heat from RT t o  6 1 6 ~  C65OoF) and hold f o r  2 hours. 

Cool oven t o  RT a t  1 . 5  K/rnin. (3'F/rnin.) and remove. 8. 

9. G r i t  blast sur faces  of 7.6 cm x 7.6 cm x 2.54 cm t h i c k  ( 3  in .  x 
3 i n .  x 1 i n . )  s t e e l  blocks and wash with alcohol. 

10. Cut modified epcxy adhesive f i lm ( H Y S O L  ~ 9 6 2 8 )  i n t o  t w o  7.6 cm 
( 3  i n . )  squares and place between facesheets  and g r i t  b l a s t ed  
metal  blocks . 
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11. 

12. 

13. Cool to RT and remove. 

Place i n  press and apply 172 kPa (25 ps i ) .  

Heat from RT to 394 K (25OOF) i n  30 minutes, hold 15 minutes. 
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Appendix 3 2-I4 

I. - Surface preparation o f m h e r e n d  - 
1. 

2. 

3. 

4 .  

Abrade the surface with a l ight grit  blast  using 120 aluminum oxide 
and 600-700 kPa (80-100 psi)  air pressure. Hold panel 20-25 cc1 
(8-10 in.)  from the nozzle. Remove suff ic ieat  material t o  dull 
the surface (usually, several sweeps across the bond area). 

Wash the grit blasted area with alcohol using a light sweeping 
action of an acid or similar brush. 

D r y  panel overnight (approx. 16 hrs.) in a forced air oven at 
473K (3929). 

Store in desiccator until priming is initiated. 

11. 

Mat eri a l s  

Procedure for Synthesis of LARC-13 Adhesive 

Flake benzophenone tetracarobxylic Gianhydride (BTDA) was used as- 
The  use of received from Gulf Chemicals, m.p. 488-493K (419' - 428OF). 

powdered BTDA is not recommended. 
lumps in solution which are hard to break up and dissolve. 
dissolves more slowly but doesn't lump and is easier tr, hand le .  

It has a tendency to form 
The f h k c  RTDA 

hrdick and Jackson glass-distilled dimethylformamide (DMF)  was 
used as received. 

Nadic anydride was used as received from Eastman or F a l l e k ,  m.p. 
435-437K (324 - 327'F) 

3, 3'-methylenedianiline (3, 3'-MDA) was used as received from Ash- 
Stevens (Detroit), m.p. 348-351K (167 - 172OF). 

Alcan MD 105 aluminum powder of 325 mesh was used as received. 

Bocedure 

A wide-mouth resin kettle was used for convenience so that viscous 
liquid coul,' easily be removed after the aluminum powder had been added. 
No heat or cooling was required since the reaction exotherm was slight. 
Ambient coQditions were employed throughout and a nitrogen atrnoPphere was 
not necessary. Proportions can be varied as needed. MDA, 118.8 grams, 
was dissolved in 445 grams of DMF in a one-liter resin kettle i,sing 
mechanical stirring. 73.8 grms of nadic anbydride and 120.75 grams of 
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f l ake  BTDA were added, each i n  ten equal po r t ions  over a period of 5-6 hours 
as follows. 
BTDA were added i n  xccession.. 
t h e  next a , d i t i o n  could no t  cause undissolved material t o  lump, a second 
port ion of each was added. 
material i n  later adart ions dissolved more slowly i n  the more concentrated 
media. 
usually 24-36 hours. 
equal portions.  
approximately 277K (40°F). 

A tenth--ortion of nadic anhydride and a tenth-portion of 
After these were p a r t i a l l y  dissolved so 

The time between addi t ions increased s i n c e  

S t i r r i n g  w a s  continued u n t i l  complete so lu t ion  w a s  obtained, 
Then, 134 grams of aluminum ponder w a s  added i n  10 

The so lu t ion  can be s to red  i n  a r e f r i g e r a t o r  at 

111. Priming with M C - 1 3  Adhesive 

1. Brush on a t h i n  coat 2.5 x cm (0.001 in.)  of LARC-13/30% 
aluminum powder with an acid o r  s i m i l a r  brush. 

2. A i r  dry 30 min. 

3. 

4. 

5. 

P;ace i n  forced a i r  oven and heat t o  348K (167OF), hold 30 &in. 

Heat t o  373K (212'F), hold 30 r i in .  

Heat t o  408K (275OF). hold 2 hrs. 

6. Cool i n  oven t o  RT and s t o r e  i n  desiccator  f o r  i n d e f i n i t e  period. 

IV. Preoaration of LARC-13 Adhesive Taoe 

l. St re t ch  112,AllOO E glass c l o t h  on frame. 

2. Brush LARC-13/30$ alumiaum mixture onto cloth.  

a. 

b. 

Dry overnight under fume hood. 

Place i n  oven, heat from RT t o  408K (275OF), hold 2 hrs. 

c. Cool slowly t o  RT. 

3. Co&t both f ron t  and back surface of  c lo th  w5ih LARC-13 mixture. 

a. A i r  dry 1 hr. 

b. 

c. 

d. 

Place i n  oven,. heat from RT t o  348K (167OF), hold 15 min. 

Heat t o  373K (212'F), hold 30 min. 

Heat t o  408K (275OF), hold 2 hrs. 

e. Cool slowly t o  RT. 
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4. Repeat 3. 

5.  Repeat 3 again except continue s t e p  d. heat ing t o  430K (315OF), 
hold 30 min. 

a. Heat t o  452K (352OF), hold 30 min. 

b. Cool slowly t o  RT. 

6.  Adhesive t a p e  thickness  6hculd be 0.025-0.030 cm (0.010-0.012 in.  ). 

V. Bonding of Lap Shear pecimens with LARC-13 

Q. Bonding procedurr 

1. Cut ad. ..-sive t ape  t o  cover area t o  be bonded. 

2. Place adhorends and adhesive tape i n  f i x t u r e  t o  maintain 1.3 
cm (0.5 in . )  overlap. 
area as possible .  

Locate thermocouple as c lose  t o  bond 

3. I F  vacuum bag is used, p u l l  f u l l  vacuum throughout bonding 
process. 

4. Heat at 5K/min. from RT t o  477K (400°F), hold 1 hour; hea t  t o  
580K (585%), hold 1 hour; apply 344 kPa (50 p s i ) ;  heat  t o  
6 0 2 ~  (625OF), hold 'I hour. 

5. Cool slowly t o  423K (300°F), r e l ease  vacuum arid pressure. 
Remove for postcure. 

B. Postcure 

1. Place unrestrained bonued panels i n  forced a i r  oven, heat from 
HT t o  616~ (65o0F), hold approximately 16 hours (overnight).  

2. Cool i n  oven t o  RT, remove and cut: i n t o  2.54 cm (1 i n . )  
wide specimens. 
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Process Conditions I Lap Shea- Strength 

cure 
3 . .  

5K/aain., 1.38 &' (200 p s i ) ;  
FR -* 6 1 6 ~  (65OOF), hold 90 
min . #p -+ 616~ 

( 6W°F) , hold 
2 h r  

Unrestrained 

( 65OoF), hold 
RT + 6 1 6 ~  

a. Coh: cohesive failure 

b, Phosphate-fluc,, lde surface preparation 

M?a 

18.3 
17.9 
24.1 
23.7 

21.6 
AV. 21.1 

20. a 
-- 

11.9 
13.1 
12.8 
12.6 

AV. 12.6 
- 
19.8 
19.9 
20. 
19.0 

AV. 19.8 

11.4 
11.1 
11.3 
11.9 

AV. 11.4 
- 

psi 

2650 
2650 
3500 
3840 
3w5 
3130 

c;:. 3057 
- 
1730 
1900 
1855 
1825 

A V . 1 8 2 8  
2880 
2890 
2580 

AV .28?8 
2760 - 

1660 
1610 
1640 
1725 

AV. 1659 
- 

50% Coh 

100% Coh 
100% Coh 
100% Coh 
100% Coh 

so% con 

100% Coh 
100% Coh 
100% Cob 
100% Coh 

100% Coh 
90% Coh 

100% Coh 
100% Coh 

100% Coh 
100% Coh 
100% Coh 
100% Coh 

Figure 3.2-2 - Lap shear streng s and process conditions for FM-34 bonded t$ Titanium (6A1-4V) . 



Lap shear strength 

~~ ~ ~~ 

16.7 2130 
19.2 2780 

2560 
17A 16.9 2m 
18.1 2620 
20.5 2975 

20.6 - 
AV. 18.5 AV. 

13.4 
11.0 
11.2 
10.7 
11.2 
11.7 
11.0 
11). 8 - 

AV. 11.1 

~ 

1650 
1600 
1625 
1550 
1620 
1700 
1600 

AV. -F 1 15 

100% C-. 1st layer 
100% camp. 1st layer 
100% m p .  1st layer 
100% 1st layer 
10% m. 1st layer 
951 Camp. 1st layer, 

1oOX camp. 1st layer 
5% Coh 

~ 

100% Coh 
100% Cob 
100% Coh 

100% Coh 
lOC$ Cob 
100% Coh 

100% Coh 

100% coh 

a, Comp. 1st layer: failure ia the first ply of the composite; 
Coh: cohesive failure 

b, Process conditions: 5K/min., 1.38 MPa (200 Psi), RT -+ 616K (65o0F), 
hold 9!, min,; postcure: 
(6SOoF), hold 2 hours, 

unrestrained, RT + 6 1 6 ~  

Figure 3-2-3 - Lap shear strength for FM-34 bonded HTSIpMR-15 unidirectional 
b composite, 
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T e s t  temperature 

RT 

589K (-OF) 

Lap shear strength 

wpa 

9.8 
8.4 
9- 1 

AV. 9.1 

10.6 
9.6 

10.9 
10.9 

AV. 10.5 

- 

- 

psi 

1433 
E20 
1320 

AV. 1323 

1545 
1400 
1580 
- l g 5  

AV. 1527 

- 
1- Comp. 1st layer 
10% camp. 1st lqver 
100% Comp. 1st lqer  

90% Coh, 10% Comp. 1st layer 
70% Coh, 30% Camp. 1st l.crer 
80% Coh, 20% Corap. 1st layer 
60% Coh, 40% Cap. 1st layer 

a, Comp. 1st layer: ta i lure  in the first ply of the  comwsite; 
Coh: cohesive failure 

b. process conditions: 5K/min,, 1.38 MPa (200 Psi), RT + 616K (65OoF), 
hold 90 min.; gostcure: unrestrained, 
RT + 615K (650 F), hold 2 hours 

Figure 3.2-4 - Lap shear strength for FM-34 bonded titanium (6A1-4V)-to- 
HTS/PMR-15 crossply composite. 



7oxcamp. failure, 
30% core t o  adhesive I I 604 I psi), RT + 6169 

(6soOp) i n  60 fin. ,  hold 90 min. 

3bh &Pa (50 psi), RT + 6l6K 
( 6 5 e )  in 60 ah., hold 90 a h .  

hO% camp. failure, 
60% core? to adhesive 

~~ 

Full vacuum and 344 kPa (50 psi). 3.6 
RT * 616~ (65&) in 50 min., 

7-- I hold 90 min. 

p%&mp. failure, 
50% core to adhesive 

50% camp. failure, 
SO% core to adhesive 

I- camp. failure 

a. matwise Tensile specimens: 

b. Eoneycennb: mZH-P7-3/16-6.0, polyimide/glass 

7.6 cm x 7.6 cm (3  in. x 3 in.) 

e. crossply lwup: oo, +45O, goo, -45O. -45O. W0, +45O, oo. 

Figme 3.2-5 - Roolo temperature flatwise tensile strengtha of PI/gl?s 
honeycombb bonded t o  KTS (crossply)/PMR-15 facesheets 
with PH-34. 
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vacuuma 

CPO 

Yes 

Test temp. 

IC(%) 

589 (600) 

Lap shear s t r e m h  
MPa (psi) 

20-6 (2995 1 

9.8 (1425 1 

8.1 (1175) 

9.- - 1 0  

AV. 8.6 (1248) 

Type failureb 

50% Camp. 1st surface, 
50% Coh 

10% Comp. 1st surface, 
90% Coh 

loox C O q .  1st surface 

100% coh 

100% Coh 

a. Processfng conditions: x/min. (g°F/minei, RT to 477K (400°P), hold 1 hr; 
heat to 580K (58SOF), hold 1 hr; apply 344 bPa (50 psi); 
heat to 60m (625 F), hold 1 F; postcure: 
unrestrained, RT to 589K (600 P), hold approx, 16 hrs 

no vacuum, 

b. Comp. 1st surface: fa i l ed  by removing matrix polymer and graphite fibers; 
Coh: cohesive 

C. HTS/pMR-15 unidirectional composite, nominal 0.28 cm (0.110 i n . )  thick; 
LARC-13, 30$ aluminum on 112,AllOO E glass cloth.  

Figure 3.2-6 - Effect of vacuum processing on the lap shear strength of 
LAIEC-13 bonded composite specimensC. 
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Post cure" 

Urkestrained, 
RT t o  5899 
( 6009 ) , hold 
J 16 hrs 

Unrestrained, 

( 6509 ) , hold 
z hrs 

RT t o  6 1 6 ~  

T e s t  temp. 
K (9) 
RT 

589 (600) 

R!r 

1 

589 (600) 

LSS 
ma ( p s i )  

18.7 (2625) 
17.3 (2510) 
21.6 (3130) 
21.8 (3160) 

3V. 19.7 (2856 1 
7.9 (1150) 
7.2 (1050) 
8.1 (1175) 
9.1 (1320) 

IV. 8.1 (117b) 
16.0 (2320) 
16.0 (2320) 
16.1 (2330) 
15.5 (2250) 
20.5 (2980) 
20.0 (2900) 
18.4 (2670) 
13.5 (1960) 

\V. 17.0 (2466 1 
12.2 
13.7 
13.1 
14.8 
15.2 
14.5 
11.3 
14.3 

iv. 13.6 

(1775) 
(1990 1 
( 1900 1 
(2150) 
(2200 
(2100) 
(1645 1 
(2075) 
(1979 

b Type failure 

100% Comp. 1st ply 
100% comp. 1st ply  
100% Comp. 1st ply 
100% camp. 1st ply 

100% Coh 
100% Coh 
100% Coh 
100% Coh 

100% comp. 
100% Comp. 
100% comp. 
100% comp. 
100% Comp. 
100% Comp. 
100% comp. 
100% Comp. 

1st p ly  
1st ply 
1st ply 
1st ply 
1st ply 
1st ply 
1st ply 
1st Ply 

50% COmp. 1st ply,  50% Coh 
50% comp. 1st ply,  50% coh 
50% COmP. 1st ply, 50% Coh 
70% Comp. 1st ply,  30% coh 
50% Compo 1st ply,  50% Coh 
50% COmp. 1st ply, 50% Coh 
50% Comp. 1st ply,  50% coh 
75% COW. 1st ply, 25% Coh 

a. Processing conditions: f u l l  vacuum, 5K/min. (g°F/mig.), RT t o  477K (4OO0F), 
hold 1 h r ;  heat t o  580K (585 F ) ,  hold 1 hr;  apply 
344 kPa (50 ps i ) ,  heat t o  6 0 2 ~  (625'F), hold 1 h r  
Postcure as above. 

b. Comp. 1st ply: f a i l ed  by removing matrix polymer and graphite f ibers .  
Coh: cohesive f a i l u r e  

C .  LARC-13, 30% aluminum on 112,AllOO E glass cloth;  HTS/PMR-15 
unidirect ional  composite, nominal 0.28 cm (0.110 in.) thick 

Figure  3.2-7 - Effect of postcure on lap shear strength of LARC-13 bonded 
composite specimensC. 
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Kapton 

A d h e s i v e  

- 
1)  A800 Sealant around edges 

181 glass c l o t h  

TX 1040 

Adherends 

TX 1040 

181 glass c loth  

0.6 cm (0.25 i n . )  steel plate 

2 )  Thermocouple i n  close proximity to bond area 

3 )  Vacuwn and gage connections 

Figure 3.2-10 - Vacuum bag layup used for bonding studies. 
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+ BR-34 primed, HRH-327-3116-6.0 glass/PI 
honeycomb core 

I I 

I HTS/PMR-15 crossply facesheet 
+ BR-34 primer 

+ FM-3h adhesive 

4 M-34 adhesive 

4 BR-34 primer 4 + Hl'S/PMR-15 crossply facesheet 

Figure 3.2-11 - Arrangement for bonding FWT specimen. 
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3.3 Adhesives f o r  Bonding RSI 

Russel l  Hopko 

Effective u t i l i z a t i o n  of Cr/PI composite materials i n  aerospace s t ruc tu res  
is dependent upon ident i f ica t ion  o r  development of an adhesive f o r  bonding 
reusable surface insulat ion (RSI) t o  the ex te r io r  surface of the  s t ructure .  
The adhesive must be capable of operating between 1 1 7 K  and 644K (-25OOP and 
700°F) and must be compatible with manufacturing, inspection and repa i r  c r i t e r i a  
imposed on aerospace vehicles  such as the Space Shut t le  Orb i t e r .  

A contract (NAS1-~5152) has been awarded to  !lockwell Internat ional  to 
perform the required research and development e f fo r t .  
tasks to  he performed are shown i n  f igure 3.3-1. 
be compleLed i n  December 1978. 

The master schedule and 
The contract  is scheduled to 

Screening of materials e f f o r t  has ident i f ied  a modified RTV elastomeric 
adhesive which w i l l  be evaha ted  i n  more de ta i l .  
a low v o l a t i l e  content RTV which, contains a g l a s s  r e s in  as pa r t  of its 

The adhesive is es sen t i a l ly  

. formulation. 
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Figure 3.3-1 Master program schedule 



4.0 IN-HOUSE EaANUFACTUaIESG DEVELOWENT 

4.1 PMR-15 Prepreg Development 
Robert M. Baucom 

"he purpose of t h i s  task  was t o  develpp an in-house capability for the 
manufacture of consistent high quality graphite fiber-reinforced polyimiee 
prepreg. 
qaality control methods, es tahl ish specif icat ions for vendor supplied prepreg, 
and manut'acture prepreg for  in-house cure cycle development and laminate 
fabrication. 

Research was performed t o  evaluate prepregging parameters, develop 

The custcm+m.de drum winding equipment shown in Figure 4.1-1 with a 
58 cm (23 i n )  diameter by 147 em (58 in) length drum has been adapted t o  
manufacture prepreg sheets  up to 185 an (73 i n )  long by 145 cm (57 in) 
wide. Hercules HTS, Celion 3000, and Celion 6000 graphi te  fibers have 

* 

been prepregged with PEaR-15, LARC 160, acd NR150B2 polyimide r e s in  matrix 
systems. me majority of in-house prepreg research has been concentrated 
on t.he Hercules HTS/PMR-15 system. 

Exceptional prepreg qua l i ty  bas been obtained with the  PMR-15 system 
by formulating resin in-house to  assure maximum prepreg shelf l i f e  and by 
metering the  res in  onto t h e  fiber bdth a solvent pump. 
excellent r e s in  content control, d i s t r ibu t ion ,  and reproducibil i ty.  Resin 
delivery t o  t'ie dnrm is accomplished by pumping the  r e s in  through a hollow 
handled brust which spreads a uniform film of resin t h a t  improves fiber 
wetting while minimizing non-uniform f i b e r  wicking. "he r e s i n  solution 
has approximately 50 percent solvent and 50 percent PMR-15 sol id8 by weight 
i n  the  as-prepregged state. The excess solvent is  driven of f  by heating 
the  prepreg on the  iLym t o  a temperature of 311K (loo?) with a bank of 
infrared heat l a i p s  (shown i n  Ftgure 4.1-1). Prepreg reproducihi l i ty  with 
t h i s  system has been excellent,  3s shown i n  Figure 4.1-2. 
had a n  average resin content of 29.522% and f ibe r  a rea l  weight of 276211 
@/m2 (3421 gm/ft2). 
HTS/PMR-15 prepreg made in-house is shown i n  Figure 4.1-3. 

This provides 

The prepreg 

A photograph of a typ ica l  section of a sheet of 

I n  addition t o  the  continuation of the  fabrication of HTS/PMR-15 pre- 
preg f c r  in-house requirements for. the  CASTS projec t ,  devel9pment work is 
planted for  the manufacture of prepreg u t i l i z i n g  various graphite f ibe r s  
as a reinforcement for  MC-160, NR150B2, and other selected resin systems. 
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Resin 
w t , %  

R wlo P w/o 

Total wt  Prepreg 
after width, 

grams 
drum cure, cm 

433 

430 

43a I 278 I 55.94 

277 56.13 

202 56.74 

I I 

29.83 

28.83 

28.66 

29-95 

29.35 

28-97 

56.42 5 

546 82.40 

568 83.82 

569 83.32 

5 75 82.85 

563 81.36 

554 81.58 

81.28 

30.3 I 572 I 81.58 

prepreg 

d= 
area w t ,  

2 

0.03543 

0 * 03590 

0.03496 

0.03582 

0.03662 
- 

0.03651 

0 - 0 3583 
0.03700 

NOTE: The length of each sheet  w a s  189.5 c n  (74.61 inches) .  

The number of tms/cm w a s  approximately 2.20. 

Area Weight = Weight of Prepreg Sheet t Area of  Prepreg Sheet 

Figure 4.1-2 - In-house prepreg data. 





0.2 Gmphiteblyimide Fabricntion ktt@ada - 
Robert FWcsr,.Jppert J-ell, racl, %q St4 C u r  
** 

- a' . $; b% ai%- 
-&& &to estsblish opt- - - 

'Elit;r re8 initiated by conducting a caaprckmdve on 
%ap beet mater~els fawed by procurement of prepreg m-'-Lel 

aoaaptvs, solvent, etc. ~krr c b i t a l  SUM& w- 
to cure rer-supplieti and in-house mmufaetupca"- retmlted 
es or margindl quality. Nore detailed materials plpe c 

-t end prepreg process control specificatians wemi neded 
i t a  ardrr i o  prouide caa3;isSent quality prepreg far dieter$i&atim 
9f -mPties. \- 

--=it! *mmeric Reactant ( ~ n a )  resin -em WBs 
fbnaulated by W#&A-Lew-is ftesezrct Center (ref. 4.2-11. 

typical cure cyeie for this material, solvent removal t*es place in  the 366 - 
823 K (200-3oO0p) range folloved by imidization in th@ b3 - hu7 K (300- 
aB808) range. 
(b7!&=) and f inal ly ,  extended crosslinking coapletes t k  cure i n  the 
ssedoa K (600 - 625%) range. 
supplied HTS graphite/PNR-S mateuial was traced t o  the substi tution of mixed 
mlv@nts i n  the prepreg by ;he vendor. 
pX"kpegghg solvert prcvided a salution t o  th-s Rroblem. Subsexumt 
problems with specifications vere solve2 by r igidly defining prcp~eg 
rrqUirments i n  materials specification documents (Appendices 4.2-A and 4.24). 

Them studfes 
. revmled general processing trends for  fiber reinforced PZQR-15. a 

Melt flow of the resin then takes plaee between 519 and 53% 

I n i t i a l  difficulties in curing cammercialu 

Standardization of m@tasnOl as the  

The i n i t i a l  vacuum bagging sequence and baseline cure cycle for trpS/ 
PHl-15 Isminate fabrication a r e  shown i n  Figure 4.2-1 and 4.2-2, respectively. 
The Beat-up rate t o  522OK (180"~) proved n o t  t o  be c r i t i ca l ;  only a l igh t  
Va,cUum, 17 kPa (5  i n  Iig), vas needed t o  preclude the removal of low molecular 
we&$& species in  tandm w i t h  t h e  low boiling methanol. This was followed by 
a hold at 522°F (L8OoF) LC ~ i l ; - , w  F a r t i d  resin gelation prior t o  
application of pressue.  chemical 
purity of the  monomers, te rnpera t t re  e x p o x r e  durit-g resin formulation, molecu- 
lar weight dis t r ibi i t ion of t h e  preyegged  resin,  and residual' solvent. 
use of higher purity monomers result i n  a higher rndqcular weiqht level 
during resin mixing. which requires the applicatiorl of pressure andnflall 
tremnrm early at the 522OK (k800~) hold level. 
application of pressure and fu l l  vacuum later in the 522OK bola period. It 
was c r i t i ca l ly  important that  the  pressure be applied during this period at 
the correct hold time t o  reduce t h e  vapor pressure of cyclopentadiene below 
the  point where it becomes a gas and b l i s t e r s  the laminate. After pressure 
and Full vacuum a r e  applied the temperature was increased t o  @OK (6259) 
and held for a minimum of 2 hours i n  order t o  allow sufficient crosslinking 
of the polymer for  t h e  glass transit ion temperature, T 
(6oooP). 

This hold time depends on several factors: 

I n  general, 

Residual solvents require the 

t o  exceed 58S°K 
The laminate was then cooled down at a rate %ot exceeding 2.5K/min 
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unt i l  a tersperature of 355OK (180%) vas reached. 
temperature were then reduced and the  laminate was reaoved. 

The pressure and 

'Phis cure cycle has been r o u t h e l y  applied to the  fabricat ion of high 
qual i ty  Kps/plr(R-15 uniOirectiona1 laminates not exceeding a thickhess*of 0.2 ca 
(0.06 i n ) .  
are also eas i ly  produced. 
of multidirectional laBlinstes cmt exceed 0.2 cm (0.06 i n )  i n  thickness. 
Ultrasonic C-scans and photcnaicrographs fcr typical HTS/pNR-15 unidirect ional  
and isotropic  laminates are $bun in Figure 4.2-3. 
laminate C-scan results are subs tan t ia l ly  better than t h e  isotropic  laminates 
at the same ul t rasonic  gain level, probably due to  the  presence of extensive 
microcracking i n  t h e  isotropic laminates. 
microcracking by using very slow cool down rates continue. 
determination is being male t o  es tab l i sh  the  impact of microcracking on 
applicable mechanical properties before and after exposure t o  elevated 
temperatures. 

Uridirectional HTS-PMR-l5_laminates up t o  G . 5  cm (0.2 i n )  i n  thickness 
Mixed results have been obtained i n  t he  fabr ica t ion  

The unidirectional 

Attempts to reduce the l eve l  of 
Also, a 

There may be an effect of t h e  fiber itself on t he  processabi i i ty  of 
graphite reinforced East-15. 
cure cycles an HTS I, ?ITS 11, and Celion 6000 sized w i t h  MFt150F2 resin graphite 
fiber reinforced PMR-15. 
sat isfactory when t h e  baseline c-we cycle was used. "he long term s t a b i i i t y  of 
t h i s  fiber at elevated temperatures vas quite variable,  so it was r e p l w e d  with 
t h e  more stable HTS I1 fiber. 
exhibited mixed results under ul t rasonic  C-scan ins2ection. 
transmission i n  thick panels [>  0.15 cm (0.06 i n ) ]  iuade from t h i s  prepreg 
appears to be somewhat more attenuated than io similar HTS I/PMR-15 panels. 
M h e r ,  several  Celion 6000/p~aft-15 laminates have been pro&xed w i t h  
excellent C-scan results i n  th i ck  (> 0.2 an (0.06 i n ) )  mult idirect ional  
laminates. 
be investigated fur ther .  

This preliminary ccnclusion is  based on similar 

Early results obtair.ed w i t h  HTS I/m-15 w e r e  generally 

Laminates produced from HTS II/€'M!3-15 prepreg have 
The sound 

The effect of t he  graphite f i b e r  type cn laminate qual i ty  will 

LARC-160 

LARC-160, developed a t  NASA-Langley, i? a modification of t h e  well-known 
PMR-15 polyimide resin.  Since the  r e s i n  is a l iqu id  i n  t h e  neat form, t h e  
LARC-160 system makes possible the  fabricat ion of solvent less  prepreg with 
good tack and drape at room temperature. 
considerations when select ing a r e s in  t o  be used i n  the  fabricat ion of large 
graphite reinforced polyimide parts such as those proposed for  CASTS. 

These propert ies  are important 

Commercialization of LARC-160 has begun and prepreg can current ly  be 
obtained from several  companies. ("he LARC-160 neat r e s in  can be formulated 
by most prepreg vendors and is  a l s o  avai lable  from some re s in  manufacturers. 
The ccnumercially avai lable  graphite/LARC-160 prepreg is  primarily made using 
hot-melt techniques, but it can also be made with solvent casting techniques. 
Unidirectional tape as w e l l  as woven goods are available.  
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The cure cycle t h a t  bas been developed for EARC-160 is similar to  those 
for &her addition-type polyimides. 
URC-160 lay-up is "&staged" under partial vacuum [7-14 kpa (2-4 in Hg)] 
for one hour at 4360K (325-1 in order to  allov the monomeric reactants to  
fom oligcmeric imide chains. During this imidization step,  condensation 
by-products, water, and ethanol are 10~6, resu l t ing  i n  a well-consolidated 
laminate. 
p l i e s  of bleeder materfal t o  prevent excessive flow of the  resin.  
of the  laminate is then increased t o  602 I( (625OF) at a rate of 2.6 (5'F) per 
minute. 
a t  547 K (525OF). 
hours, after vhich the  laminate  is cooled down at a rate of 2.6 K ( 5 " )  per minute 
to  ambient temperature and removed from the  autoclave or press. 
cure p ro f i l e  f o r  HTSI/LAI?C-160 is  shown i n  Figure 4.2-4. 

During a typical cure the graphite/ 

Care nmst be exercised during t h i s  s tep  by l imi t ing  t h e  number of 
The temperature 

During t h i s  heat-up, autoclave pressure of 1.4 MPa (200 p s i )  is applied 
"he f i n a l  cure temperature of 602 K (625OF) is held for two 

The 

The mechanical properties obtained from in-house fabricated and test 
specimens are given i n  f igure 4.2-5. 
laminates indicate  tha t  they are w e l l  consolidated and e s sen t i a l ly  void 
free. 
sections of typ ica l  unidirect ional  and isotropic  laminates. 

The u l t rasonic  C-scans of these  

These results have been ve r i f i ed  by taking photomicrographs of cross  

Thick section laminates have been successfully fabricated from RTSI/ 
~~13c-160, both in-house and under contract .  
th ick with a unidirectional lay-up pat tern have been fabricated in-house 
and hat sections with a net section thickness of 0.95 cm (0.38 i n )  have been 
fabricated under contract .  
hzx 'oeen verified by ul t rasonic  C-scan inspection. 

F la t  laminates 0.64 c m  (0.25 i n )  

The qual i ty  of both of these laminates 
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4.2-1 Cavano, P. J., "Resin/Graphite Fiber Cmposites", . W A  CR 121275, 
March 15, 1974. 
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APPENDIX 4 .2 -A 

SPECIFICATION LARC P-01 

G W H I T E / W L Y  IMIDE PREPREG 
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1. SCOPE AND CLASSIFICATION 

1.1 Score. This specifleation establishes the requirement 

for graphite reinforced polyimide prepreg sheets. 

1.2 Classification. The material covered by t h i s  specification 

shall be of one type and shall be identified as LARC-P-01. 

2.1 The following documents form a part of this specification 

t o  the extent specified on +he date of the  request for quotation t o  the 

National Aeronautics. and Space Administration, Langley Research Center, 

Hampton, Virginia 23665. 

$PECIFICATIONS 

NASA - 
LARC-R-02 Polyimide, Impregnating 

STANDAFlDS 

Federal 

FEpSTD-406 Plast ics ,  Methods of Testing 

Hercules 

HD=SG-~-~OO~B Test Methods fo r  k’termining Physical Properties 

of Carbon and Graphite Tows 

HG-SG2-600GC Test Methods for  Determining Properties of 

Carbon and Graphite Prepregs 
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V c A T I O l l 8 '  

WPA -1-C. Fire Protection Guide on Hazardous Materials. 

8ational Fire Protection Association, 1975. 

3.1 Material. The material shall  consist of coll imated graphi te  

fibers impremated with polyimide re&. 

. .  
3.1.1 Graphite. !be continuous filament graphite fiber twist- 

free tow shall be in  the as-produced, residue-free state without a coating 

o r  r e s i n  s iz ing.  The araphi te  f i b e r  tow s h a l l  have a 2757 m/m2 (400 k s i )  

minimum t e n s i l e  s t rength  and a 234 MN/m2 (34  x 10 6 p s i )  minimum modulus of 

e l a s t i c i t y .  The tow t e n s i l e  s t rength and modulus of e l a s t i c i t y  s h a l l  be 

determined in  accordance with procedures 5.3.6 and 5.3.7 i n  Hercules 

document HD-SG-2-6001B. 

3.1.2 Resin. The resin shall meet the requirements se t  forth 

in L4RC-R-02 and shall be f"ul?-y suitable for use in  the manufacture of 

structual laminates. 

3.1.3 Prepreg. The graphite reinforced polyimide prepreg sha l l  

be i n  t h e  form of shee ts  with a nominal width of 30 cm. (12 i n . )  and a 

nominal cured thickness (per  p l y )  of .18 mm ( .007 i n . )  

determiiied from a laminate processed at no g rea t e r  than 1 .7  k8/m 

(250 p s i )  with a 60 percent f i b e r  volume. 

2 

3.2 Propert ies  of uncured prepreg.- 
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3.2.1 Phys i c a l  ~ r o p e r t i e s .  The prepreg material shall meet the 

physical requirements outlined i n  Table, ,I. 

ProperW 

Volatile Content 

Resin Solids Content 

Resin Flow ( LARC-R-C? 1 

Tack 
Gel Time (LARC-R-02) 

Tal crauce -- 
12 2 3% by We. 

40 2 45 by wt.' 

10 2 5% by w t .  

> 30 minutes 
1 minute minimum 
@ 450K ( 3 5 O O F )  .-i 

ProcedW 

* 4.6.2 

* 4.6.3 

. 4.6.4 

4.6.5 
4.6.6 

. .  

3.2.2 Shelf l i f e .  The shelf life of the prepreg (computed from the 

date of manufacture) s h a l l  be ouch that  the requirements set forth in 3.2, l  

s h a l l  be m e t  as follows: 

o r  7 days a t  29hK (TOOF). 

120 days at  256K ( O O F )  o r  90 days at 278K (4OoF) 

3.2.3 Uniformity, The graphite fiber tats sha l l  be completely 

wetted and t h e  areal dens i ty  of t h e  prepreg s h a l l  be 172+5 

(16+5 

10.2 crn ( 4  i n . )  of width of an ind iv idua l  shee t  o r  t a p e  o r  prepreg and t h e  

angle of misalignment s h a l l  not exceed 2 degrees.  

gram/m? -10 

Misalignment of tows s h a l l  not  be more than 1 tow per  2 gramlf t  1. -1.0 

3.2.6 Hazardous naterials.  If hazardous materials are included 

i n  the prepreg, a l l  containers of such materials sha l l  be labeled as out- 

lined in the Fire Rotect ioa Guide on Hrzardous Materials, NFPA SPP-14, 1975. 
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3.2.7 Storage of material. Irrrmediately upon receipt ,  

'the, material i n  i t F  original sealed bag shall  be placed in storage 

at a maintained temperature  of 256ii (OOF) o r  below. 

t h e  s h e e t  form s h o l l  be s t o r e d  h o r i z o n t a l l y .  Ma te r i a l  i n  the  trape form 

s h a l l  be s t o r e d  with t h e  a i  

When material is  removed frm t h e  f r e e z e r  it is brought t o  w i t h i n  5I< (10'F) 

Material i n  

of the c o r e ' o r  spool  i n  E? v e r t i c a l  pos.iti.cn. 

of' room tenpe ra tu re  p r i o r  t o  opening t h e  sealec! bag. The amount r e q u i r e d  

for use during t h e  remainder o f  t h a t  work s h i r t  s h a l l  be cut  from t h e  

. s h e e t  and t h e  unused po r t ion  s h a l l  be replaced i n  i t s  o r i g i n a l  bag, 

t h e  bag r e s e a l e d  by heat app l i ca t ion .  an? the m a t e r i a l  r e tu rned  t o  

s t o r a g e  without delay.  Bags s h a l l  not remain open longer  t h a x  1 hour 

a t  any one time, and t o t a l  e l apsed  open time s h a l l  not  be more than  

22 hours .  Tot:rl e lapsed time out of s t o r a g e  f o r  any one s e a l e d  unit 

shall never exceed 14 days. A t  no time shall the material which is t o  be 

returned t o  storage be subjected t o  environmental temperatures greater 

than  303K (85OF,.  

3.2.8 Storwe history. A log of the storage history sha l l  be ke2t 

on each unit of material. Material thar, has exceeded the 14-day out-of- 

storage time or exceeded the 120-day in-storage time shall be retested for  

conformance t o  the flow, volat i le  content, End the flexural requirements 

of Tables I and I1 before being used for fabrication of s t ructural  parts. 

Allowable open time s all be considered as in-storage time. 
c 

3.2.9 Product markings. Product markings s h d 1  be i n  accordance 

with the preparation for delivery section of t h i s  Rpecification. See 5.3. 

3.3 Properties of cured laminates. 
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3.3.1 Mechanical and phyticel Droperties, l z lc  cured laminates 

*all meet the mechanical and physical property requirements of Table If. 

TABU3 If 

Mechanicel and Physical Properties of Cured Laminates 

Press or Vacuuu A w n t e d  
Autoclave Cure Cycle 

E. 589K ._ ( 6 0 0 ~ ~ )  

- -. - _ - -  Long. Flexural 
. Str . ,  MIo/m2 (ksi), min. (LAF.C-R-02) 

Short Beam Shear 
1447.9 -- (210.0) 1241.0 -- (180.0) 

_- 
S t r . ,  MN/m2 iksi), min. (LARC-R-02) 

. 96.5 (14.0) 41.4 (6.0) 

Specific Gravity, " 

mlnimum (LARC-R-02)l. 60 

Resin Content, X' " 

by w t . ,  minimum (LARC .R-02) 33 

60 + 3 - Fiber Volume, %, - 
minimum 

T K (OF) (LARC-R-02) 603 (625) - 
Void Content, % maximum 3 

t3 ' 
" 

4. QUALITY ASSURANCE PROVISIONS 

Test Procedure 

4.6.9 

4.6.10 

4.6.11 

4.6.12 

4.6.12 

4.6.7 

4.6.13 

4.1 Responsibility for inspection. Unless otherwise specified 

in the contract or order, the supplier is reaponsible for the performance 
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ef all Inspections and test requirements as specified herein. Except 

as atherwise specified, the supplier miey use his OM f ac i l i t i e s  or any 

ccmmrcial laboratory acceptable t o  Imgley Research Center. ,hg ley  

reserves the Fie' perform any or a l l  of the inspections set forth 

herein uherei such inspectiaars.are deemed necessary t o  assure that the 

material to  be -shed con&rms t o  the prescribed requirements. 

4.2 Inmection records. Inspectian recordsoof examinations 

and tests shall be kept complete and available t o  Langley. These 

records shall contab all data necessary t o  determine compliance with 

the requirements of this specification. 

4.3 Classification of exadnations and tests. The examination 
c 

and tests of the material shall be classified as fullows: 

a. Qualification verification 

b. Acceptance verification 

C. Receiving irrspection. 

4.3.1 i f i c  at i on veri f i cat ion . QusU fi ca t i  on veri fi cat d on 

shall consist of all the examinations and tests specified herein. 

4.3.2 Acceptance verification. Acceptance ver i f ica t im she'l be 

perforned on representative samples of each un i t  of prepreg, axid shall 

consist of the following: 

a. Examination of product 

b. Resin solids content 

c. Volatile content 



53 

a. Tack 

4.3.3 3eceivinR inspection. Receiving 

bspection shall eoasist of an examinat%m of the mater5al apd such 

b.4 Sampling plan. The material, as offered-for acceptance 

by w e g ,  shall &t the requirements specified herein by random 

selection of one seaLed unit of msterial. per bet& 
* 

4.4.1 Batch. A batch shall consist of a l l  mate-ial of the sane 

type manufactured i n  one continuous, unchanged production run. 

4.b.2 Unit of product. .A unit of product shall  consist of one 

sealed unit of material, and shal l  contain no more than 20 sheets. 

4.5 Test conditions. 

4.5.1 Room temperature. Unless otherwise specified, all tests 

s h a l l  be conducted at R temperature of 298:(+3 (77OF 2 5 ) ,  and 50 

percent 2 10 relative humidity. 

4.5.2 Exposure a t  589K i600°F)- - T e s t  panels s h a l l  be heated to 
.. - .- - -  

5 8 9 ~  2 5 (600'~ 2 l o )  w i t h i n  15 minutes i n  a test chamber PrevioWlY 

heated to  temperature, held et temperature for 10 1; minutes, and 

tested imedlately.  



5.5.3 work and test area. The relative hmdaity of the laJnrp 

8nd test area shall not exceed bo percent. 

4.6 Test methods. 

4.6.1 Examination of' product. The material shall be eramined t o  

veri* that its markings, packaging, and all visual physical charac- 

teristics confow t o  the requirements of th is  speciFication. 

4.6.2 Volatile content. The volatile eontent of the prepreg shall 

be determined as outlined below.. 

4.6.2.1 Test specimens. Test specimens shall be as follaws: 

a. TWO 5.1 cm. (2-in.) squarc specimens (1.0 r 0.2 grams) of prepreg 

are to be analyzed. 

b. Release paper m u s t  be remved prior t o  enalyzing. Any 

resin edhering t o  the release paper will be lost t o  the 

test . 
4.6.2.2 Test  procedure. The test procedure shall  be as follows: 

a. Condition new Gooch Filtering crucibles in beaker con- 

taining concentrated W O  for  a minimuu of 1 hour at 

373 ? 5OK (212 f 5°F). 

at 367 - + 3OK (200 4 3 O F )  and desiccate. 

Weigh conditioned f i l t e r ing  crucible t o  the nearest 0.1 

milligram (mg). 

Carefully remove release paper from prepreg specimen and 

place specimen i n  tared crucible. 

3 
Wash w i t h  water, d r y  i n  oven 

b. 

C. 
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Q. 

e. 

Weigh crucible containing specimen t o  the nearest 0.1 mg. 

Condition cruic3le and specimen &n an oven at 367 2 3OK 

(392 f 3OF) for 60 minutes followed by 30 minutes at 

644 - + 3'K (700 5 3 O F ) .  

Remove crucible from oven, cool to  room temperature i n  a 

.--_ -- 

f .  

desiccator, and reweigh. 

g. Calculate volatiles content of prepreg as follows: 

Weight % Volatiles = a x 100 
w w  
w2 - w1. 

where: - W1 =weight of empty conditioned fi ltering 

crucible, gr- (d 
W' = ori&nal we ight  of crucible and specimen 

before heating, g 

= final weight of crucible and specinen after w3 
heating, 8 

4.6.3 Resin solids content. The rec:in solids content of the prepreg 

shall be determined as outlined below. 

4.6.3.1 Test specimens. 

Two 2.5 cm. (1 i n . )  by 5.1 cm. ( 2  in.) samples s h a l l  be t aken  from a. 
- 

each end of a 2.5 cm (1 i n . )  by 30.5 cm. (12 i n . )  s t r i p  of prepreg. 

b. Carefully remove release paper from the prepreg samples. 

4.6.3.2 Test procedure. 
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k 

b o  

C. 

a. 

t.' 

i. 

3. 

We- clean fllterine crucible to the nearest 0.1 mg. 

w tbe prepreg specimens as prepared in 4.6-3.1 in 

f s n d  crucible. 

lki* crucible coatainiag specimen t o  the nearest 0.1 mg. 

M d  1s m l  w p  t o  a 250 ml beaker, place beaker on a steam 

bash and bring t o  a boil. (Beaker should be covered w i t h  

a tiaach glass t o  S z e  evaporation.) 

Ad4 prepreg sample to  the hot MEK, being carern not t o  

@ash the hot NHP . Stir occasionally and let  heat for 

ten minutes. ' Y .  - .  

- 
Transfer the .W. and fiber into the oriknal tared filtering 

crucible posdtioned in  a filtering flask w i t h  vacuum trap 

snd vacuum pump. 

Wash the fiber three times with methanol (absolute). 

Remove the crucible containing fibers and dry i n  an oven 

maintained at 436 - + j0iC (325 f 3'F) for 15 to 20 minutes. 

Remove crucible from oven, cool in a desiccator, and 

weigh to  the nearest 0 . 1 ~ .  

Calculate resin content as follows : 

= weight of empty crucible, g 
w1 

w3 

where: 

Wz = original weight of crucible and specimen, g 

= final weight of crucible and fibers, g 

V = weight percent volatiles from 4.6.2, %. 
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4.6.4 Flow. Flow shall be &&ermined 88 outlined beloW. 

a. Cut. e igh t  10 cm. (4 in.) by 10 cm. (4 i n . )  p l i e s  of 

b. Cut six 10 cm. (4 in.) by 10 cm. ( 4  in.)  p l i e s  of 

sample prepreg. 

s t y l e  181 g la s s  fabr ic .  

Lay up t h e  prepreg p l i e s  i n  a ( O o / 9 0 0 )  laminate. c.  

h.6.4.2 Test procedure. 

8. Weigh the laminate fabricated f.n 4.6.t.I to the nearest 

b. Cut two 10 cm. (4 in . )  by 10 cm. (4 in . )  p l i e s  of porous 

Teflon coated g l a s s  release fabric .  Place one ply on t h e  top  and one 

on t h e  bottom of t h e  iaminate. 

C. Place three p l i e s  each of style 181 glass cloth on the top 

M a t e  in 4.6.4.2.b. 

d. Place the layup between 0.64 cm. (0.25 in . )  t h i ck  aluminum 

caul p la t e s  which have been coated with Frekote 33 release agent. 

e. Mace entire assembly in  a preheated 450K (35OoF! 

press under pressure and hold for 1 hour.. 

f. Remove f r o m  oven, s t r i p  way bleeder and release fabricr 

clean excess resin From panel edges and weigh the panel to the nearest 

0.1 6. 

g. Calculate the resin flow as follows: 

w1 - u2 Resig flow, percent = 

= original weight of prepreg lsyup, g. 

= f i n a l  weight of panel, g. 

*1 

w2 

where.: 
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4.6.5 Tack. Tack s h a l l  be determined as follows: 

4.6.5.1 Test specimens. 

5 . 1  cm. (2.0 b.) by 5.1 CXI. (2.0 i n . )  prepreg squares.  

The test specimen shall consist of two 

4.6.5 . 2 T e s t  procedure . 
a. 

b. 

C. 

d. 

e. 

c I. 

A stainless steel sheet, alloy 3 2  or equivalent with a 

commercial 2 D  f i n i s h ,  any th ickness  by 10.2 cm. (4.0 i n . )  

by 20.3 cm. (8.0 i n . ) ,  shall be cleaned t o  a water-break-free 

condi t ion wi%h chlor ine- f ree  powder and d i s t i l l e d  water, then  

air d r i e d  at a temperature below 339K (150 F) .  

Mark a hor i zon td  !-he across the plate width 4 inches 

from the end. 

Mount the p la te  vertically. 

Remove the release paper from one of the prepreg squares 

and then cpply the  side of the square from w h i c h  the 

release paper was removed t o  the plate  with the l i n e  at 

the bottom of the square. 

d i r e c t i o n  of  t h e  square s h a l l  be v e r t i c a l  and perpen- 

dicular t o  the l i n e  on the plate. 

prepreg s h a l l  be appl ied t o  t h e  f irst  square wit:? t h e  

same fiber orientation. 

Smooth out all creases ar,d wrinkles w i t h  l igh t  up and 

down motion with the fingers and start a timing device 

t o  monitor the t e s t .  

An absence o f  movement of t h e  squares  on t h e  s t ee l  p i a t e  

a f t e r  30 minutes q u a l i f i e s  t h e  prepreg for  s u f f i c i e n t  tack .  

0 

The unidirectional filament 

A second square of 
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6; Repeat steps d t h r o w  f for  a duplicate tack test. 

$uccess of both tests qualifies the prepreg for accepta- 

ble tack. . .  

4.6.6 Oel time. Gel time shal l  be determined as follovs. 

4.6.6.1 Test specimens. The tes: specimen shall cons3st of a small  

piece of nevly thawed material., approximately 0.64 x 0.64 cm. (0.25 x 9.25 in. 1, 

betveca two glass slides. 

4.6.6.2 Test srocedurd. 

a. Preheat and stabilize a Fisher-Johns-Melting Point 

Apparatus a t  450K ( 350°F 1. 

place the test specimen on the melting point block and 

- 

b, 

start a. timing device. 

e. Periodically apply light pressure t o  the top glass slide 

w i t h  a small., blunt-end wooden stick. 

d, !&e time at w h i c h  no fiber or -sin movement is detected 

Is the gel the .  

4.6.7 G l a s s  transit ion temperature. The glass transition tempera- 

. ture, Tg., sha l l  be determined as follows. 

4.6.7.1 Test specimen. A 0.64 x 0.64 cm. (0.25 x 0.25 in.) sample s5al l  

be taken from a laminate fabricated as outlinec' in the following section, 4 * 6 . 8 .  

4.6.7.7 Test procedure . 
6. The test specimen s h a l l  be placed on t h e  stage of a Dupmt 990 

Thennomechanical Analyzer. 
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b. !he Analyzer probe is weie;hted with apPr0ximartel.y 5 gnrs 

of weight and placed in contact with the sample. 

is then gradually applied to the systsm. 

Probe displacement is &tored as the sample expends 

upen the application of heat. 

Heat 

c. 

d. l!he temperature at which the expansioq curve for the 

sample changes slope is recorded as the glass transition 

temperature. 

4.6.8 Preparation of test panels. Flat lamhate test panels, as 

required,  shall  be fabr ica ted  -*sing t h e  processes and - procedures described 

below. 

thicknesses specif ied i n  the following test methods. 

Total nu&er.of p l i e s  shall be dictated by the test specimen 

4.6.8.1 Panel layup. P l a t  laminate test panels of appropriate size, 

but no smaller t h m  15 x 1 5  cm. ( 6  x 6 in.), shal l  be prepared by a p a r a l l e l  layup 

of unidirect ional ly  orfentad p l i e s  of t he  material .  

around the  perimeter of t he  panels t o  prevent f i b e r  "wash-out". 

Dams s h a l l  be used 

A release 

agent s h a l l  be uscd on the caul  plate t o  prevent panel s t icking.  

s h a l l  cons i r t  of oue ply of Mauchberg paper CW-1850 o r  s t y l e  181 f iberg lass  

per every threr. ?lie3 of niaterial ,  and the bleeder s h a l l  be divided evenly 

beneath and above the layup. 

bottom from the  mater ia l  layup by a ply of perforated Teflon-coated f iberg lass  

fabr ic  and a ply of Cslgard venting film. The Teflon-coated f iberg lass  fabr ic  

s h a l l  be in contact with the laminate on both top and bottom. 

p l a t e  of t h e  szme s i z e  as t h e  basic  1:minat.e shall  be used t o  minimize upper sur- 

face wav iness .  T h i s  plate shall be separated from the  laminate by a t h i n  f i lm of 

Teflon o r  Mylar. 

at  TOOK ( 8 0 0 ' ~ )  

edge:: with A-800 s i l i c o n e  seri1arlt. 

Bleeder 

The bleeder s h a l l  be separated both top and 

A pressure 

A vacuum bag capable of withstanding long term exposure 
. -_  - 

a h a l ;  be plarcd Over t h e  assembly and sealed on t h e  



61 

Figure 4.2-A-1 shows t yp ica l  layup. 

vacuum augmented autoclave cycle.  

Cure by e i t h e r  p re s s  cyc le  o r  

1.6.8.2 Press cure. The layup as described in 4.6.b.l shall be 

placed in heated platen press and cured using the following &stage and 

cure cycle  and a maximum pressure of 1724 kN/m (250 p s i )  on t h e  layup at 2 

a l l  times during t h e  cure cycle. 
-Apply 5 inches Hg vacuum 
-Heat laminate to 522K (480OF) at 6K (lO°F)/min and hold for 30 minutes 
-Apply f u l l  vacuum and pressur ize  autoclave t o  1724 h V / m  

-Heat t o  003K (625OF) min. under full vacuum and 1724 k N / m  

2 (250 p s i  ) . 
2 

(250 psi) and hold f o r  3 hours 

-Cool t o  356K (180'~) at 3K (5"F)/min. and remove vacuum and pressure 

-Cool t o  311K (l0OOF) a t  .6k (l°F)/min. and remove l d n a t e  

4.6.8.3 Vacuum augmented autoclave cure. The layup as described in 

4.6.8.1 shall be vacuum bagged aid the entire assembly of caul plate, layup, 

vacuum bag, etc., shall be placed in an autoclave and cured using the cure 

cycle outlined in 4.6.8.2. 

4.6.9 Longitudinal flexural strength. 

4.6.9.1 Leminate preparation, Laminates s h a l l  ?e in accordance with 

4.6.8. 

4,6.9.2 Test specimens. Fibers are aligned parallel to the longitudi- 

nal axis. Specimen configuration is shown i n  Figure 4.2-A-2. 
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SPECIMEN DIMENSIONS 
- 

SPAN DIMENSIONS 

LENGTH (L) = 10.2cm.(4.0 in. ) FOR t = 0.152 - 0.178 cm., s = 5.08 em. 
(0 .060 - 0.070 in.,S = 2.03 in.) 

. KIDTH (W) = 1.27 cm.(0.500 in.) t = 0.180 - 0.203 cm., S = 5.72 cm. 
(0.071 - C.080 in. ,S = 2.25 in.) 

t = 0.206 - 0.229 cm., s = 6 .35  cm. 
(0.081 - 0.090 in.,S = 2.50 in.) 

THICKNESS (t) = 0.152 - 0.299 cm. 
(0.060 - 0.090 in.) 

SPAN(S) = 4 x t  

ALL FILAMENTS 0' TO L DIMENSION 

LOAD & REACTION SUPPORTS 

0.32 cm. (0.12 in.) RADIUS STEEL ROD. 

Figure 4.2-A-2. Longi tudina l  Flexure T e s t  Specimen. 
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4.6.9.3 Test procedure. Unless otherwise specified, conditions of 

the test sha l l  be In accordauce with Federal Test Method Standard No. 

406, Method 1031. The specimen s h a l l  be loaded t o  f a i l u r e  at a 0.127 cm 2 

0.013 (0.050 in .  2 0.005) per  minute crosshead speed i n  a t e s t i n g  machine. 

Tes t ing  s h a l l  be performed at  ambient temperature and 589K +, 5 (600'~ 

after a I O  1; minute exposure a t  temperature (see 4.5).  The specimen 

s h a l l  be loaded as shown in  Figure 4.2-A-2. 

&,) 

4.6.9.4 Calculation. A mean value based on a minimum of three 

determinations sha l l  be reported for  longitudinal flexural strength 
- 

using the formula below: 

2 where: FL = Ultimate longitudinal flexural s t r e n g t h ,  kN/m ( p s i )  - 
P = Maximum load csrriad by the specimen, N (pounds) 

s = Span, c m .  ( i n . )  

W = Specimen width,  cm. ( i n .  

t Specimen t h i c k n e s s ,  cm. ( i n . )  

4.6.10 S h o r t  beam shear. 

4.6.10.1 Laminate preparation. Laminate shall be in accordance 

with 4.6.8. 

4.6.10.2 Test specimens. Fibers are slimed para l le l  t o  the 

longitudinal axis .  S-ecixen configuration is shown i n  Figure 4.2-A-3. 



SPECR4EH DIMENSIONS 
LENGTH (L) = 5.15 cm. 

WIM'H (W) = 0.64 cm. 
(0.06 in.) 

(0.25 in.) 

(0.060 - 0.090 in.) 
T H I C m S  (t) 

SPAN (S) - 4 x t  

0.152 - 0.229 a. 
ALL FILAMENTS 0' TO L DIMENSION 

LOAD & REACTION SUPPORTS 

0 .32  cm. (0.12 In.) RADIUS STEEL ROD. 

Figure 4.2-A-3. Short Beam Shear Test Specimen 
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4.6.10.3 Test proce&e. The specinen shall be loaded t o  faflure 

a t  a 0,127 cm. 2 0.013 (0.050 in .  2 0.005) pez minute crosshead speed i n  a 

t e s t i n g  machine. T e s t  .emperatures s h a l l  be a t  morn temperature and at 589K 

2 5 ( 6 0 0 0 ~  10) after a 10 1; minute exposure at  temperature (see 4.5). Tie 

specimen s h a l l  be loaded as shown in  Figure 4.2-A-3 w i t h  t h e  smooth side up. 

4.6.10.4 Calsul&tion. A mean value based on a minimum of three 

determinations shaU be reported for short beam'shear strength using the 

where: F, = Ultimate short bean shear s t r eng th ,  psi 

P = l-¶aximum lL -.d carried by specimen, pounds 

W = Specimen width, inch 

t = Specimen thickness, inch 

4.6a Specific madty. 

4.6.U.l Laminate preparat ion.  Laminate shall be in accordance 

with 4.6.8. 

4.6.11.2 Test method. Specimen conf igura t ion  and test  procedure 

shall be i n  accordance with Federal  Test E k t -  Std. No. 406, Method 5011. 

4.6.11.3 Calculation. Spec i f i c  g r a v i t y  ca l cu la t ions  s h a l l  be p e r  

A mean value based on a Federal Test Method Std. Ho. 406, Method 5011. 

minimum of three determinations s h a l l  be reported.  

h.6.12 Cured r e s i n  content and f i b e r  vol E. 



67 

LARGP-01 

5.6.U.1 M n a t e  Prep aration. Laminate shall be i n  accordance 

pifh b06.8. 

4.6.12.2 SRcimen. Test specimens shall be approximately 1.3 x 1.3 cm. 

(0 .5  x 0.5 in.) by laminate thickness. 

4.6.12.3 hcedure .  The cured resin content and fiber volume 

8hau. be determined by acid/peroldde digestion as follows: 

a. WelCa the test specimen t o  the nearest 0.1 mg (W, 1, 

place in a 300 m l  tall-form beaker, and add 20 m l  - 
of concentrated su l fur ic  acid. Place the beaker 

a'bot pla te  and heat the acid *anti1 fumes occur. 

on 

b. When the composite is visibly disintegrated and 

resin par t ic les  and fibers are dispersed throughout 

the sulfuric solution, carefully add the hydrogen 

peroxide (50% strength) dropwise down the side of t h e  

beaker. Rubber gloves and a fume hood with appropriate 

safety glass shield s h a l l  be used throughout the 

addition and brecautions sha l l  be taken as recommended 

by the  applicable safety regulations and procedures 

for handling hydrogen perbx3.de. 

The rea t ion is considered complete when the hot 

s u l f u r i c  acid solution below t h e  fibers becomes 

clear and colorless. 

of hydrogen peroxide t o  t h e  solution, and heat the 

C. 

A t  this point add two more ml 
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solution t o  furaes for BLLother 10 mlnutes to  ensure 

m e t e  &canposition of the  polymer. Remove the 

beaker from the hot p l a t e ,  and allow to cool t o  294 t o  

3OOK (70 t o  80°F), and then place i n  an ice bath.  

d. C o l l e c t  fibers by vacuum f i l t r a t i o n  throe a medium= 

porosity,. sintered-glass crucible that has been 

weighed to  nearest ny (Ws). After the sulfuric acid 

has been filtered off, wash the fibers in the crucible 

th~roughly w i t h  600 m l  of distilled vater, added 8 

few milliliters at a time. 

acid traces by CLecking pH of the fi l trate.  

V e r i *  removal of sulpuric 
. -  

e. Remove the crucible From the a l t e r i n g  system and 

place i n  an open beaker i n  an Oven at 422K (300’~) 

for 45 minutes. 

8 desiccator and weigh (W3). 

After dry5ng, cool the  crucible in 

4.6.12.4 Resin and fiber content calculation. Calculate the 

resin and fiber content according t o  the following equation: 
w1 - (w - 

w1 
Resin content, percent by w e i g h t  (W4) = w2) x 100 

w - w  
Fiber content, percent by weight (W ) D x 100 

5 . w1 

4.6.12.5 Fiber volume calculation. Calculate the fiber volume 

using the data generated from the resin and f iber  content determinations 

and the following formula: 
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where: . W4 = Weight percent of res in  

DC = Composite density,  g/cc 

DF = Fiber density.  gicc  

A mian value based on three determinations shall be Feported. 

4.6.13 Void con&. The void content is calculated f'rom the 

resin iiber content determinations . 
4.6.13.1 Calculation. A mean value based on three determinations 

ahall be reported. 

w4Dc + y c  vc = 100 - - 
DE DR 

where: V = Void content, volume percent 
C 

W4 = Weight percent of res in  

[:' = Weight percent of f i b e r  

Dc = Composite density,  g l c c  

DR = Re; density, g/cc 

DF = Fiber density,  g / c c  

5 

5. PREPARATION FOR DELIVERY 

5.1 Preservation and PackhnF;.  The material shall be 

packeged with 8 non-adherent separator applied t o  both sheet :'aces. 

The material withih one package shall be o f  the same length and width 
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to preclude damage t o  the material during shipment. Packaged material 

shall be sealed &thin a moisture-proof plastic bag. 

5.2 Packiaq. The packaged material shall  be packed in 

shlpping containers of a type w h i c h  w i l l  ensure acceptance by common 

carrier a t  lowest rates and will ensure protection of the sraterial 

Quring handling, t ransi t ,  and storage. 

5.3 Marking of interior package. Each interior package 

shall be legibly marked w i t h  a label or tab w h i c h  ircludes the following 

mioimum information : 

a. 

be 

e. 

dm 

e. 

f. 

e. 

h. 

i. 

LARGP-01 

Manufacturer's material desigpetioa 

Manufacturer's name and address 

Batch number and sheet number 

Date of manufacture 

Weight 

Recommended storage conditions and temperature 

range for xnaxin~um shelf l i fe .  

Estimated maximum shelf l i f e  based on recommended 

storage conditions and temperature range 

Hazardous warnings as applicable. 

5.4 Marking of exterior shipping container. Each exterior 

&hipping containe 

following information: 

shall be legibly and permanently marked with the  
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8 

8 0  

b o  

C. 

a. 

e. 

f. 

ho 

i o  

30 

LARC-F-01 

Purchase order nuniber 

Manufacturer's material desi@ation 

Manufacturer's name and address 

Batch number 

Quantity contained (sheet s ize  and nuuber of sheets) 

D a t e  of manufacture 

Date of shipping 

Mtm~acturer 's  recamended storage conditions and 

temperature range 

Precautionary and handling markings 

In addition, the shipping container shall be identified with a strip 

of oae-inch wide green p las t ic  tage (Scotchlite 3277 or equivalent) 

completely around the' container from top t o  bottom and approximately 

one inch from the side. 

6.1 Intended use. The material covered by t h i s  specification 

5s intended for use in the manufacture of spacecraf't structural  components 

subject t o  temperatures from 117K ( -25OOF)  t o  589K ( 6 0 0 ~ ~ ) .  

restricted t o  these applications. 

Use is not 

6.2 Ordering infomation. The following information 

shoulC be included on the purchase order, together with the conditions 

of 6.2.1 and 6.2.2, 

a. 

b. Material name and quantity. 

Number, t i t l e ,  and date of specification 
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6.2.1 BsJectioar and retest. Ih the event of failure of a 

rcuqle to amat any of the requirements of this specification, a second 

ranple of \mcured material teken adJaeant to the first, or a second 

lambate panel prepared in accordance with 4.6.8 may 'a submitted 

fur retest. If the retest sample fdls t o  meet the requirements o f  

f8s specification, the batch'represented by the sample shall be rejected. 

6.2.2 Remrts. Unless sthenrise specified, the supplier 

&all rprnish w i t h  each lot three copies o f  the reports showing the 

results of tests auade on e& batch i n  the shipment t o  detenuine 

collform8ILce of the material t o  the specification reqt&rements. The 

report shall include volatile content, resin solids, resin flow, tach, To, 

specific gwvity, and mechanical properties, 88 appli&le. The report 

ahall also include the pvrchase order nuuiber, the material speciiicatim 

nanber, s m l i e r  designation, quantity, batch number, and date of 

manufacture. The report shall also iaclUae fiber properties as reported 

the fiber manufacturer, end the batch numbers of fiber used in making 

each of the sheets of material. 
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LAIC-a-02 

1. SCOPE M D  CLASSIFICATION 

1.1 Scope. This spec i f i ca t ion  e s t ab l i shes  the requirements f o r  a 

heat r eac t ive  r e s in  system which can be t h e m a l l y  cured t o  a l i n e a r  polyi- 

mide. 

1.2 Class i f ica t ion .  The material covered by t h i s  spec i f i ca t ion  

sha l l  be of one t n e  and shall be i d e n t i f i e d  as LP.RC-R-02. 

2.1 The following documents form e part of t h i s  spec i f i ca t ion  t o  

the exten t  spec i f i ed  on the da te  of t he  request f o r  quotation t o  the  

National Aeronaatics end Space Adininistration, Langley 3esearch Center, 

umpton, -li 2S65. 

PUBLI CAT1 014s 

W P A  SPD-1-C. F i r e  Protect ion Guide on Hazadous Mater ie ls .  

Hational Fire Protect ion Association, 1975. 

3.1. Chenical S t ruc ture  of Pol lper  

3.1.1 Varnish. The moiomer solvent f ~ r  PMR-15 variiish (see 6.3.1.) 

shal l  be ACS reagent grade, acetone-free, absolute methanol with a 

maimim w a t e r  content of 0.055.  The monomers sha1.l be t h o s e  shown i n  the 

following sketch: 
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Monomethyles teracid of 
nadic anhydride (NE) 

LARC-It-02 
. o  0 0 

II ii II 

0 0 

Sym-dimethylesterdiacid of benzoDhenone- 
tetracarboxylic acid dianhydtide (BTDE) 

4,4 ' -Vet h y 1 cned i a n i l  ine (MDA) 

3.1 .2  Cured Resin. The cured res in  s h a l l  have t h e  general strrcture 

shown be low : 

0 

-% 
0 0 0 

II " I! Nmcm 
II 

)-o4+ 
2.087 

0 

0 0 0 0 

where the repeat writ averages 2 .087 .  

genexal.ized as that shown above since the actual. structure has not k e n  

f u l l y  .?lucidated. 

The method of crosslinking is 
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3.2 Resin F i l l e r s  and Diluents.  There shall be no fillers, 

extenders or dlluents in the varnish.  

3.3 Physical Properties. 

Property . .  

TABLE I 

Requirement T e s t  Paragraph 

4.6.2 

CPS ( 72-75OF I 4.6.3 
1.0 - + 0.2 4.6.5 

Resin solids, percent 54 minimum 
Viscosity (Brookfield), 7; 2 13 e 296-297K 
Specific grav i ty  

3.4 Reaction products. As a result of the cure react ion,  water 

is released. In addition, t h e  initial so lvent ,  methanol, 

is released. 

3.6 Workwmhip. The material s h a l l  be free of contarninsnts Gr 

debr i s  which could be d e t r i n e n t a  t o  a f u l l y  processed product. 

3.7 Hazardous rz tc r ids .  -- If hazardous o e t e r i a l s  are included i n  

the  resin, a l l  c o n t a i x r s  of such materials snall be labclad as outl ined 

i n  the  F i r e  Protect ion Guide on Hazardous :kteria.ls, X P A  SPY-1-C, 1975. 

3.8 Product DWki:ICS. Product markings shal l  ' te  i n  accordame 

with the preparat ion for del ivery sec t ion  of this spec i f i ca t ion ,  5.3. 

4. QUALITY LP,SU%IICE PZO'JISIOXS 
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performance of ali  inspections and test requirements as specified 

herein. Except as otherwise specified,  the varnlsh supplier may use h i s  

own facilities or any commercial laboratory acceptable t o  Langley Re- 

search Center. Langley, through its preimpregnated-material suppliers,  

reserves t h e  right t o  perform any or all of the  inspections set for th  

herein where such inspections are deemed necessary t o  assure t h a t  the 

material furnished o r  t o  be furnished conforms to  the prescribed require- 

ments. 

4.2 Inscectiorb records-. Inspection records of examinations and 

These records tests s h a l l  he kept complete and available t o  Langley. 

sha l l  contaii- all data necessary t o  determine complierice wi th  t h e  require- 

ments of t h i s  saecification. 

4.3 Classific-ition of e iminat iona and t e s t s .  The exaninations and 

tests of the material s h a l l  be c lass i f ied  as follows: 

a. Quali f i cation veri  f i  c&t ion 

b. Acceptance verification 

C. Receiving inspection 

4.3.1 Qudif ica t ion  verification. Qualification ver i f icat icn shill 

consist of all the examinations end tests specif: - d  herein. 

4.3.2 Acceptace verification. 1icceptar.ce ver i f icat ion s h a l l  be 

performed on representative samples of each bctch of material ,  and s h a l l  

consist of the  following: 
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a. Examination of product 

b. Resin solids content 

c. Viscosity 

4. G e l  tihe 

e. Specific gravity 

4.3.3 Receiving inspect ion (for Lrmzley or  L R n g 1 e y ' ~ s ~ i d e m a t e d  

materid suppl ie rs  use only). 

exanination of t h e  material and such saiipling and verAficati!$i ,of test 

Receiving inspect ion shall ccssist of an 

dpta as deened necessary. 

4.4 S m p l i n e  plan. Tae material, as offered for a p e p t a n c e  by 

Langley o r  Langley's preimpregnated-material  s u p p l i e r s ,  s h a l l  be 

sampled according t o  t h e  fol lowing procedures.  

4.4.1 Betch. A batch s h a l l  cons is t  c p  all n.ateriai of the  s w s  

typa mnufactured i n  one continuous, unchanged production run. 

4.5 T e s t  conOitions 

4.5.1 Room t e q e r a t u r e .  Unless o therd ise  spec i f i ed ,  all tests 

shall be conducted a t  a temperature  of 298K t 3 (77OF f 5 ) *  and 50 

percent  f 10 relative humidity. ... 

4.6 Tnst methods 

4.6.1 m i n a t i o n  of product. l 're .aaterial shall be examined to  

v e r i f y  thi:t i ts ~; i~r ; ( ings ,  packa,;.,icg, a:'d visual' physical characteristics 

conform ti:, t h e  ~*quircir lcntc  of t h i s  sp-cif icnt ion.  
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4.6.2 Sol ids  content 

4.6.2.1 P r e p r a t i o n  of specimens. Preheat th ree  marked drying dishes  

i n  an oven a t  408K f 2 (275OF f 5 )  fo r  a minimum of 3 hours. Cool t h e  

dishes i n  a desiccator  t o  room temperature a i d  weigh tq t he  nearest  0 .1  mp, 

(W ). 

each o f  the t a r ed ,  dr ied dishes .  P l a c e  t h e  sm.ples on a 

g r i d  t ray  i n  a gravi ty  convection t y I w  dry ing  oven 

preheated t o  408K -+ 2 (275OF 2 5 )  so t h a t  the  samples a r e  a t  t h e  same 

l e v e l  es t h e  tnernoiseter bulb and grouped a r o u d  t h e  bulb. Heal. fcr  3 

hours ? 3 m i n u t e s  a t  408K 4 2 (275 F 3 51, and t h e n  t r a n s f e r  t h e  sample:. 

t o  a desiccator  m d  cool t o  rooa tecqerature .  

neares t  0.1 mg ( W 3 ) .  

Weigh 3 gram f C . l  samples t,o t'le !'*?arest 0 . 1  m&. ' w 2 )  m d  p1:tce i r i t c  I 

0 

Reweigh the  smqles t o  the  

4.6.2.2 Czlculation. The nean value of t h ree  r e s i n  content d e t e n i n a -  

t i o n s  ca lcu la ted  as follows s h a l l  be reported. 

w w  
Res in  Content, weight 7ercent  = x 1L 

w2 

where Vl = Weight of drying d ish  

W2 = I n i t i a l  w c i & t  of va rn i sh  

Vj = h'cizJt of d r i i n g  dish ~1tx spccimcn af ter  v o l a t i l c  

removal 

4.6.3 Viscosity. Dctennine the  v i scos i ty  of the varnisn using a 

Hrookf'it.ld Synchro-Lectric Visco:neter, Modcl J,VI:. Testing s h a l l  t;!: -onduct ed 

at, 296 - 29°K (72 - 75OF). 

7.00 <..m ( : ) . ' ( 5  i n . )  i n  diameter, covcr, a n d  p l ace  i n  a constant temperatu-12 b a t h  

Place solut ion t o  be tested i n  a ,!ur a t  l e a s t  
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accurate t o  3.21; (2 O.L°F). 

ture before miking viscosi ty  measurement. 

Allow material t o  reach the  proper tempera- 

Check with an accurate thermo- 

meter. 

on t he  upper ecd o f t h e  dial .  

Select the  speed and s p i n a e  t h a t  u-11 East closely gise a reading 

The qea?l value of t h ree  v i scos i ty  de temi-  

nations,  each sade on a separate sanple, s h a l l  be reported. 

4.6.4 Gel ti=. G e l  tine of the varnish s h a l l  be conducted bj: use 

of a General Glectr ic  g e l  meter. 

and it s h a l l  be held i n  a clean 18 by 150 m test tube. 

Sample w e i & t  s h a l l  be 5.0 2 0.1 gm, 

%e bath tezlpera- 

t u r e  sha l l  be 408~ + 1 (275'~ + ? 1 .  

readings, em3 reOe on a separ 

The mean value af th ree  gel t i m e  - - 
* -3.2, stail be r e p x t e d .  

4.6.5 Szecif lc  gravity. The s p c i f i c  g-ravity of the v-mish s h a l l  

be d e t e r m i n d  a t  298L 5 9.1 (770° 2 0.2) usicg a Uestphal Balance. The 

mean valve of three s y c i f i c  gravi ty  recr0ix?g;s, each ma& on a seyraGe 

sarqle, shall Le reported. 

4.6.6 Pesin flov m d  softening points.  Resin f lov  and softefiing 

points s h a l l  be dete-nined on t!ie vacuun s t r i sped  p o l y i ~ d e  v-rrlish at 

three dii ' ferent hea t ing  rates:  1, 3 ,  ard 5 K  per minute  (1.8, 5.4, ~ r . d  

9OF per  nitlute: using a Fisher-Johns molting F0ir . t  appsra+,us. The 

polyrunic ac'd tyye residue shall be virturrllj. f ree  of a l l  solvent p r io r  

to  rlow and softening p o i n t  d e t e n i n a t i  ons. Vacua s t r ipp ing  or' solvents  

s h a l l  be conducted a t  298K ? 2 ( 7 ' F  t 51, an? < 50 m. Hg ?ressur+? f o r  

a dnimu.: of 25 i:ours. Five d i f f e ren t  charact.erist ics of  the  residue 

s h a l l  be 9eter i ; ied :  (1) ~. ' . '+ , Ing  poir.5, (2) i n l t i a ' .  flow, (3)  good floil, 
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5. PREPARATI~FORDELIVERY 

5.1 Preservation and packaging. All material M s h e d  under this 

specification s h a l l  be i n  suitable containers i n  quant i t ies  as spec i f ied  

on the purchase orde-. 

t ecr ion  from physical damage during handling, shipping, and storage. 

The materia2 s h a l l  be p8ck-d t o  ensure pro- 

5.2 Packing. The material s h a l l  be packed i n  shipping containers 

of a type which w i l l  ensure acceptance by commn carrier at lowest rates, 

and w i l l  ensure protection of the u n i t  containers during shipment. 

5.3 :-!er!&ing for shipment. Each un i t  and shipping container sha l l  

be legibly ieentifi t td w i t h  label, t ag ,  o r  markings which inclt.de t h e  

following deta. 

8. MC-R-02, 

b. Purchase order number. 

c. Yanufacturer's n a t e r i a l  description and ider.cioing 

design at i on. 

d. Xanufacturer's nam and address 

e. Q u m t i t y  (shipping container only) and unit size 

f. Batch number and dote of nanufacture 

g. Date cjf shipping 

h. Xenufacturer's recmmnded storage conditions and 

temperature 
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LARC-R-02 

6.1 Intended use. The material covered by t h i s  spec i f i ca t ion  is 

intended for impregnating graphi te  fiber used i n  the manufacture of 

spacecraft laminated s t r u c t u r a l  parts subject t o  temperatures from 

1 l T K  (-25OOF) t o  589K (60OoV). Use i s  not l imi ted  t o  these appl i -  

cat'ians. 

6.2 Ordering infornat ion.  The following i n f o m a t i o n  toge ther  with 

the requirenents  of 6.2.1 and 6.2.2 should be included on t h e  purchase 

order. 

a. flmiber, t i t l e ,  .and date  of t h i s  spec i f i ca t ion  

b. Material name and quant i ty  

6.2.1 Rejection a r d  retest. I n  t h e  event of fzilure of a s a? l e  

tc =:et ~ 2 y  ~ . ~ t q z i r e y _ ~ ? + _ s  nf t h i s  y w r i  fj mt.; m ,  a second sao..ple of varnish 

~cay.'Se submitted for retest. .If t h e  retest  sax;le f a i l s  t o  nee t  ti.e 

r e q 6 r e n e n t s  of the  spec i f i ca t ion ,  t h e  bs t ch  represented by t h e  sa??le 

s h a l l  be re jected.  

6.2.2 Reports. Unless otherwise spec i f i ed ,  t h e  supp l i e r  shall 

furn ish  with each batch t h r r e  coples of the re-,orts siioving the  r e s a l t s  

of tests mede OI? each batch i n  the  shiprjent t o  deterr.iinc conforcance 

of t h e  mater iz l  t o  t he  spec i f i ca t ion .  The report. s h a l l  include r e s in  

so! i d s  conteut , d s c o s i t j r  , g e l  t ice ,  cnd speci  Tic grnirity. The reports 

s h a l l  t lso include the  purchase order  nurbcr ,  t h e  mtcr la i  spec i f ice t ion  

number, supp l i e r ' s  m' 

chte(s) of T?arAUf-?Ctu??. 

-ial dr.; im&tizn, q u m t i t y ,  batch nizzbcr(s 1, and 
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LARC-I?-0 2 

6.3.1 Varnish. For the purposes of this specification, varnish 

is defined as a conpsition of resin and liquid carrier. 
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4.3 Quality Control and NDE 
Robert Baucom and Phi l ip  R. Young 

Quality control of vendor and in-house produced prepreg is required i n  
order t o  insure t h a t  established processing envelopes w i l l  apply t o  the  
manufacture of high qua l i ty  graphite reinforced NR15O-B2, LARC-160, and 
PMR-15 laminates on a repeatable basis. 
and t h e  weight percent of res in ,  graphite f i b e r ,  and solvent i n  each separate 
l o t  of prepreg is first made according t o  the  procedures outlined i n  Appendix 
A. Laminates subsequently fabr icated from these prepreg lots  require  the  
removal of free solvent, react ion 3y-products and the  bleed-out of excess 
resin during cure. 
can be determined by the  procedures outlined i n  Appendix 4.2-~.  

A determination of the  areal weight 

After curing, the  percent of f i be r ,  res in ,  and voids 

In  addition t o  the  above mentioned qua l i ty  control  procedures, high 
pressure l iqu id  chromatography inspection of a sample c f  each l o t  of incoming 
material is  made. 
f ingerprint  of t he  soluble components i n  t h e  prepreg. 
best  phase separaticn technique t o  be applied t o  analysis  of NR150432, F'MR-15, 
and LARC-160, several  normal phase, reverse phase, and s i z e  separation 
procedures were i n i t i a l l y  considered. 
provides an analysis  of a l l  three r e s in  systems, was selected as being the  
most informative. 
as the  mobile phase. 
of r e s in  (10 mg of prepreg). This sample is t ransferred t o  a 3 m l  v i a l  and 
1 m l  of n-propancl i s  added. After suf f ic ien t  ag i ta t ion  t o  produce r e s i n  
solution, the  mixture is f i l t e r e d  through a 0.45 m f i l t e r  and run under the  
following chromato 'raphic conditions: 

This inspection is performed i n  order t o  provide a 
In  a r r iv ing  a t  the  

One par t icu lar  separation, which 

T h i s  separation uses a CN-p-Bondapak column and n-propanol 
This procedure requires a sample of approximately 5 mg 

SAMPLE: NR150-B2, PMR-15, or ~ ~ - 1 6 0  

COLUMN: CN-p-Bondapak 

SOLVENT: n-propanol 

FLOW RATE: 0.5 ml/min (6.2 MPa (900 psi)) 

SIZE: 1-2 pII 

DETECTOR: W (254 nm) 

Figure 4.3-1 gives a summary of the r e s u l t s  obtained on NR150-B2 p e p r e g  
received from f ive  d i f fe ren t  sources. Retention time data and preparative 
chror -ography followed by mass spectral  analysis  were used t o  ident i fy  
most af the  major peaks. Some va r i ab i l i t y  i n  r e l a t i v e  peak heights of t h e  
mador components was observed. 
seven d i f fe ren t  l o t  numbers of PMR-15 prepreg obtained from the  same source. 
Again, some v a r i a b i l i t y  was noted. 
on the  same batch of LARC-160 res in .  
with time. 

Figure 4.3-2 gives similar information on 

Figure 4.3-3 shows the  e f f ec t  of aging 
The amine peak prac t ica l ly  disappears 

The r e su l t s  given i n  these f igures  a r e  typ ica l  of t he  chromatographic 



9c 

behavior observed f o r  t he  three CASTS materials. 
chromatograns of var ious NR-150-B2, PMR-15, and LARC-160 samples are baing 
maintained. 

Reference files containing 

In  summary, differences were observed i n  CASTS r e s i n s  and prepregs 
obtained from d i f f e ren t  sources, d i f f e ren t  batches from t he  same source, and 
the  same batch subjected t o  d i f f e ren t  aging conditions.  The e f f e c t  of t h i s  
v a r i a b i l i t y  on precessing or ult imate  composite proper t ies  w i l l  be determined. 

k study t o  determine t h e  e f f ec t  of aging on MC-160 r e s i n  and prepreg 
The desired r e s u l t  of t h i s  study i s  to  c o r r e l a t e  changes i s  being planned. 

i n  resin chemistry with processing and composite propert ies .  
samples will be analyzed by high pressure l i q u i d  chromatography, t o r s iona l  
b r a i d  sna lys i s ,  C 1 3  NMR, and perheps r o t a r y  rheometry p r i o r  t o  fabr ick t ion  
and t e s t ing .  

The aged 

Nondestructive evaluation (NDE) of laminates and s t ruc tu res  produced 
from graphi te  f i b e r  reinforced polyimide prepreg i s  required t o  insure struc- 
t u r a l  i n t eg r i ty .  The purpose of NDE i s  t o  de tec t  defec ts  which could cause 
s t a t i c  or f a t igue  degradation. Evaluation s tudies  are underway t o  develop 
techniques t o  de tec t  defec ts  i n  graphite/polyimide laminates and s t r u c t u r a l  
elerrent s. 

Preliniinary defect  types and appl icable  methods of detect ion have been 
defined. Defect types include in t e rp ly  delaminations, i n t e r l s n i n z r  d e l m i -  
nat ions,  surface and subsurface cracks,  voids,  inclusions,  p ly  misalignments, 
improper r e s i n  mix and improper r e s i n  cure. Detection techniques being 
studied inclttde u l t rasonic  immersion C-scan, x-radiography, i n f r a red  
trhasmission, neutron radiography, l i q u i d  penetrant ,  eddy currefit,  o p t i c a l  
hologrryhy, and acoust ic  holography. Other appl icable  techniques w i l l  also 
be evsluated when shown t o  be applicable.  

The primary t e s t i n g  technique drssloped t o  da te  has  been pulse-echo 
u l t r a ; o n i c  immersion C-scan. I n  t h i s  technique a high frequency (15 MHz) 
sound beam i s  t ransmit ted through th2  laminate or s t ruc tu re , r e f l ec t ed  off 
a glass p l a t e ,  and returned t o  t h e  t ransducer  through t h e  laminate o r  s t ruc ture .  
The r e f l ec t ed  sound energy i s  measured and t h e  2:rergy above a spec i f ied  level 
or rece iver  gain is displayed on a cathode ray  tube  and recorded on Polaroid 
f i l m .  
t ransmit sound above t h e  given l e v e l  indicated as dark areas ,  thus  ou t l in ing  
flawed areas  (see f igure  4.3-4). 
f r e e  reference standards f o r  var ied thicknesses  and p ly  or ien ta t ions .  X m -  
i t e d  s tudies  have shown good cor re la t ion  brL.ween C-scan results and in te r -  
lamjnar shear  s t rength  f o r  good and poor q-xi l i ty  laminates. 
s tud ies  a r e  needed t o  def ine rcceptance levels. 

The r e s u l t  i s  d plan view of t h e  t e s t e d  part with areas  t h a t  do not 

The technique was c d i b r a t e d  by defect-  

More co r re l a t ion  

X-radiography techniques have been developed f o r  t h e  detect ion of 
ce r t a in  defec ts  i n  laminates and s t r u c t u r a l  elements. 
can de tec t  inclusions,  p ly  misd.ignment, and gross r e s in  mix var ia t ions .  The 

Soft x-rays (20-50 Kev) 



technique can detect crushed and f i l l e d  c e l l s  i n  honeycomb structures and can 
detect absences of adhesive i n  bonds. Limited studies with neutron radio- 
graphy ind ica t e  a much g rea t e r  s e n s i t i v i t y  t o  r e s in  mix var i a t ions  and organic 
inclusions.  
a t tenuat ion of neutrons by hydrogenous material when compared t o  the  
s e n s i t i v i t y  experienced with x-radiography. 
s tud ie s  are planned. 

This higher l e v e l  of s e n s i t i v i t y  is due t o  t h e  higher s p e c i f i c  

Further  neutron radiography 

The remaining detect ion techniques w i l l  be s tudied  f u r t h e r  and the  use 
of op t i ca l  and acoust ic  holography w i l l  be invest igated.  Standards for 
each appl icable  technique w i l l  be developed for  laminates,  honeycomb panels ,  
stiffeners, and skin-s t i f fened panels.  
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b.4 Repair Technology 
Jerry W. Deaton 

The preceding section describes t h e  nondestructive evaluation procedures 
being developed fo r  the  cAs;pS project. 
arises from the  NDE vork is whether a detected f l a w  is crit ical  to safe use 
of the s t ructure  and whether a repair can be made. 
task w i l l  address this problem through in-house t e s t ing  of t h i n  laminates, 
st i f fened elements, and honeycomb panels. 
arperimental work, a contractual e f for t  W i l l  invest igate  techuoloigar 
deficiencies ident i f ied by the in-house program. 

An important consideration that 

The R e p a i r  Technology 

In  addi t ion t o  the in-house 

In the  repair  program, bath manufacturing (M) and service (S) damage 
Bight ply ( 0  + 45 90-45) and sixteen ply type f l a w  are being considered. 

( 0  + 45 90-45), laminates are being used t o  determine the effect on 
compressive strength of the following types of flaws: 
delaminations (M, S); (2) surface cracks (M, SI; (3)  foreign object 
inclusions (MI; (4 
inser t s  (M, S); and (5)  impact 
be used i n  t he  study t o  determine the i r  effect  on performance of s t i f fened  
elements representative of s t ruc tu ra l  elements i n  the aft body flap.  
Honeycombcore panels w i l l  be used t o  determine the effects on panel 
performance due t o  (1) crushed cel l  areas (M, S), (2) f i l l e d  c e l l  areas (M, S), 
and (3)  skin t o  core bond defects (M, S). 

(1) in te r layer  

delaminations between graphite/polyimide and metal 
(S). These five f l a w  types w i l l  also 

Accompliskrments i n  the repair  program include the  fabricat ion of all the  
eight ply laminates having simulated unbnds that are either 0.4, 6.4, o r  25.8 cm 
(0.06, 1.0, o r  4.0 in2) i n  area. 
one piece of heat treated 0.3 m i l  (0.6 mm) Kapton f i lm on top of another 
during t h e  laminate fabrication process. 
3 p l ies ,  and 4 p l i e s  from the surface of the laminates. 
fabricated to  nominal dimensions of 48 cm by 66 cm (19 in.  by 26 in . )  and 
had s i x  unbonds located such that each laminate could be cut  i n to  six 
compression test  specimens 15 cm by 30 cm ( 6  x 12 i n )  '(see Figure 4.3-4). 
laminates have been cut and machined t o  these dimensions and are ready t o  
be s t r a in  gaged pr ior  t o  testing. 
the e f fec t  on compressive 6trength due t o  inter layer  delaminations as well 
as foreign object inclusion and impact damage. 

-These unbonds were made by placing 

Unbonds were placed 2 p l i e s ,  
The laminates were 

The 

These specimens w i l l  be used to  determine 

Attempts t o  fabr icate  the  sixteen ply laminates with similar mbonds 
have not been successful and t h i s  e f fo r t  w i l l  continue i n  the  :iext reporting 
period. 

During the next reporting period, 30 eight-ply compression specimens 
w i l l  be s t r a i n  gaged and tested t o  determine the effect of the three d i f fe ren t  
s ize  unbonds on t h e  compressive behavior of the laminates. The experimental 
data w i l l  a lso be compared with analyt ical  predictions as given in reference 
4.4-1. When the problems associated with the  fabricat ion of the sixteen ply 
laminates is  solved f ive  laminates, 48 cm by 66 cm (19 x 26 i n )  w i l l  be '  
fabricated. Each of these laminates w i l l  a l s o  have s ix  unbonds located such 
t h a t  s ix  compression specimens w i l l  be machined from each laminate and 
tested.  



4.4-1 Howard, S. A . ,  and Daugherty, R.  L . ,  "Effects of Debonds on the 
Strength of Composite Plates", Proceedings of the Second 
International Conference on Composite Materials , April 16-20, 
1978, Toronto C a n a d a .  
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5.0 MANUFACTURING D E W -  i CONTRACTS 
Edward L. Hoffman, John G. Davis, Jr., and Robert M. Baucom 

The primary object ive of the manufacturing development contracts  is to  
develop processes for fabricat ing graphi te  polyimide s t ruc tu ra l  elements 
which could be applied t o  components of advanced space t ransportat ion systems. 
A contract is being or has been awarded t o  invest igate  the processing of 
graphite reinforced prepreg fo r  each of the polyimide materials: 
PMR-15, LARC-160, and Thermid 600. 
tracts var ies  from 18 t o  24 months. 
tasks: 

NR150B2, 
The period of performance of the  con- 
Each contract  contains the following 

Develop qua l i ty  assurance program 

Develop fabricat ion processes 

Fabricate specimens and conduct tests 

Demonstration Components 

Fabricate laminates 

Fabricate skin-stringer panels 

Fabricate honeycomb-core panels 

Fabricate chopped f i b e r  moldings 

Fabi.icate af t  body f l a p  representat ive component 

NR150B2 polyimide is  a proprietary polymer avai lable  from t h e  E. I. 
Dupont de Nemours Company. 
being investigated but is  a l so  the  most 
m(lSOB2 r e s in  and prepreg are being received i n  100 percent N-methylpyrrolidone 
(NMP) solvent ra ther  than the  more common NMP-ethanol solvent mixture. The 
most d i f f i c u l t  task f o r  t h e  NR150B2 contract is  t h e  development of t he  
fabricat ion processes. 
contractor has essent ia l ly  completed development of a qual i ty  assurance 
program and is approaching completion of fabr icat ion process development. 
Dielectr ic  monitoring has been used t o  develop the  cure and postcure pro- 
cesses depicted in  f igures  5.0-1 and 5.0-2. 

It is the most thermally s tab le  of the  polyimides 
d i f f i c u l t  t o  process. The as-received 

Since contract  award on March 8, 1977, the  

The PMR-15 and LARC-160 polyimides a re  not proprietary*and a r e  each 
prepared by mixing three monomers. Norbornene-2, 3-dicarboxyl acid monomethyl 
e s t e r  (NE), methylene diani l i i ie  (MDA) , and benzophenonctetracarboxylic 
dimethylester diacid (TlTDE) a r e  mixed i n  a methanol solvent t o  produce Fm 15. 
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The NE, Jeffdne AP-22, and BJ'DE are mixed essentially solvent free to pro- 
duce LARC-160. Both polyimides are easier to process than NRL>OB2, but require 
considerablymre effort for quality assurance. 
auarded July 27, 1977. Developent and documentation of the quality assurance 
program has essentially been completed and used to evaluate prepreg fkom two 
suppliers. 
been ccmpleted. 

The PMR-15 contract was 

Developent of the fabrication processes has also essentially 
See fi,gure 5.0-3 for the cure cycle. 

The contracts for Thermid 600 powbide and CARC-160 polyimide should be 
awarded in May and June 1978 respectively. 
Hughes Aircraf't Company which has licensed Gulf Oil Chemicals Company for 
production of the polyimide. 

Thermid 600 vas developed by 

* PMR-15 and LARC-160 were developed by NASA and non-exclusive licenses for 
production thereof have been granted by NASA. 
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6.0 IN-HOUSE MECHANICAL DESIGN ALLOWABLES AND TEST METHODS 

6.1 Tension T e s t  Method 
Andrew J. Chapman 

Introduction 

Before structures can be designed using graphite/polyimide materials, 
the i r  mechanical properties must be characterized at the temperatures of 
intended use. Special considerations include controlling the test temperature, 
load t.-ansfer t o  the  test specimen, durabili ty of adhesive bonds, and accurate 
response and r e l i ab i l i t y  of s t ra in  measuring techniques. This task is being 
performed t o  establish the test methodology for  measuring tension properties 
of the graphite/polyimide laminates at temperatures from 117 K ( -2509)  t o  
589 K (6009). 

In order to  characterize mechanical properties such as modulus and 
Poisson's ra t io ,  s t ra ins  must be accurately measured on a test  specimen i n  
several directions at a l l  loading and temperature conditions. 
measuring techniques, including high temperature resistance s t ra in  gages, a 
capacitive s t ra in  gage, and an extensometer are being evaluated. Resistance 
s t ra in  gages bonded t o  the specimen surface appear t o  be the most practical  
and convenient method for  measuring s t ra ins  i n  several directions over 
limited surface areas, and a primary ac t iv i ty  of t h i s  task is t o  evaluate 
the i r  accuracy and r e l i ab i l i t y  a t  temperatures up t o  589 K ( 6 0 0 ~ ) .  

Several s t r a in  

Tension properties of several developmental graphite/polyimide materials 
have been measured over the  desired temperature range while developing the 
testmethodology. The established t e s t  methods w i l l  be used t o  characterize 
design allowable properties of improved graphite/polyimde systems currently 
being developed i n  t h e  CASTS Project. 

Materials and Specimens 

The graphite/polyimide materials tested include HTS/pMR-15 and HTS/IQR- 
1 5 0 s  i n  [O18 and [0,+45,90],  laminates. 
i n  t h e  CASTS ProJect and quality and mechanical properties are not Fu l ly  
representative of laminates which could be produced with the  better materials 
and processing techniques presently being developed. However, laminates used 
i n  t h e  present investigation were adequate for  test methodology and 
instrumentation development. 

These laminates were made early 

Test specimens are l i s ted  in  figure 6.1-1 and specimen configuration is 
shown i n  figure 6.1-2. 
were m a d e  from graphite/polyimide laminates similar t o  t h e  test specimens 
and were bonded 
processing is  c r i t i c a l  for obtaining a satisfactory bond wi th  t h i s  adhesive. 

Tabs for gripping specimens i n  t h e  t e s t  machine 

t o  the specimens using FM-34 polyimide adhesive. Correct 
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Instrumentation 

Resistance Strain Gages. - Resistance strain gages were Micro-Measurement's 
Series WK which are fully described in the manufacturer's literature. 
advertised use temperature range for these gages is 4K (-452'F) to 672K (750OF). 
Strain gages evaluated in the present tests were single element gages having a 
gage length of 3.2 mm (0.125 in). . In some tests, gages were mounted along the 
transverse as well as the longitudinal axis of the specimen to measure Poisson's 
ratio. Gages were bonded to the specimen surface using the manufacturer's 
tecommended BLE PLD-700 polyimide adhesive. 
technique critical and manufacturer's specifications should be obserwed to 
obtain consistently satisfactory results. 
a resistnnce strain gage is shown in Figure 6.1-3. 

The 

Gage application is process and 

A tension specimen instrumented with 

Capacitive Strain Gage. - The capacitive strain gage used in this investl- 
gation is described in reference 6.1-1, where 'Anear response, small sensitivity 
change, and high resolution are reported for temperatures as high as 1089 K 
(1500'F) and strain as great as 0.02. 
shown in figure 6.1-4 and gage installation on a graphite/polyimide specimen 
is shown in figure 6.1-5a, with further gage details shown in figure 6.1-5b. 
The gage attachment strips are bonded to the specimen using a polyimide 
adhesive; the distance between the attachment strips defines the gage length. 
Stress induced specimen dimension changes displace the concentric capacitive 
rings in the gage, and the resulting change in capacitance modulates a carrier 
voltage, producing an analog voltage proportional to strain. Three lead-wires 
shown in the figures carry excitation voltage and modulated sensing voltage. 
The capacitance sensod I s  assembled around a longitudinal rod which compensates 
for thermally induced strains if the,rod and specilnen have closely matched 
coefficients of expansion. 

Details of the capacitive gage are 

Extensometer. - A rod-in-tube extensometer, attached to the specimen 
gage section adjacent to the resistance strain gage, transmitted specimen 
longitudinal displacement to a transducer (Hewlett-Packard model 7 DCDT) 
which produced a voltage signal proportional to displacement. 
was attached to the specimen through knife-edge clamps spaced at l-inch gage 
length so that recorded displacement measurements were equivalent to strain. 
Figure 6.1-6a shows the extensometer attached to a tension specimen mounted 
in a hydraulically actuated test machine. Figure 6.1-6b shows a cylindrical 
resistance heater enclosing the specimen gage section; the transducer is* 
well away from the heated area. 

The extensometer 

Thermocouples. - Specimens were instrumented with chramel-alumel 
thermocouples which were bonded to the specimen surface near the strain gage 
using PLD-200 polyimide adhesive. 
figures 6,193 and 6.1-5. 
of heating and cooling. 
along with load and strain data. 

Thermocouple installations are shown in 
Thermocouple output provided signals for control 
Specimen temperatures were also recorded digitally 
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Test  Apparatus 

Specimens &e t e s t ed  i n  a load-rate controlled hydraulically actuated 
test machine (figure 6.1-61, or i n  a s t ra in-rate  controlled mechanically 
actuated machine. 
actuated machine (figure 6.1-7) produces test temperatures from 1 1 7 K  (-250 F) 
t o  589 K (600% 
nitrogen flow i n to  an open ended heat exchanger where t h e  nitrogen is 
evaporated aqd circulated through the  chamber by a blower. 
are produced by e l e c t r i c a l  resistance heating elements shielded t o  protect  
specimens from radiation. T e s t  temperatures i n  the  chamber are controlled 
t o  within 2 3 K. 

An environmental chamber used with the  mechanically 

Cryogenic temperatures are produced by controlled l i qu id  

Elevated temperatures 

A cyl indr ica l  res is tance heater  which enclosed the  specimen gage area 
is shown i n  f igure  6.1-6b. - + 5 K i n  t h i s  chamber. 
imposes minimum interference on specirpen and load train ins ta l la t ion .  
During high temperature tests, heater openings are covered by sections of 
insulat ion which surround, but do not i n t e r f e re  with, the extensometer. 

Specimen temperatures were controlled within 
This heater  does not enclose the  specimen g r ips  and 

Bolted specimengrips, shown i n  f igure 6.1-6, were found t o  be much 
more sa t i s fac tory  than wedge ac t ion  gr ips  such as those shown i n  figure 
6.1-7, because of the  posi t ive locking act ion which essent ia l ly  eliminated 
specimen slipping, and because of the  more compact size. 

Tests and Results 

i n  preparation f o r  testing, specimen tabs  were securely locked i n  the  
gr ips ,  and the  specimen assembly was suspended from the  upper pu l l  rod while 
enclosed i n  the  environmental chamber. 
because the  chamber door could riot be opened at temperatures above 422 K 
(3009). 
was not connected t o  the  test machine t o  avoid thermally induced loads. 
the  t e s t  temperature nad s tab i l ized ,  as indicated by the  specimen thermocouple, 
the  lower pu l l  rod was connected t o  the  macb.ine and load and s t r a i n  indication6 
were zeroed. 

Grips were connected p r io r  t o  h e a t i x  

During heating or cooling t o  test temperatures, the  lower pu l l  rod 
When 

Specimens were loaded at s t r a i n  rates no greater  than O.OOS/min. 

Two specimens instrumented w i t h  capacit ive and resis tance s t r a i n  
gages (figure 6.1-1) were tes ted a t  room temperature, 422 K (300°F), 478 K 
( 4 O O 0 P ) ,  533 K (500°F), 561 k (550°F), and 589 K (600°F) t o  evaluate 
performance uf the resis tance gages while the capacit ive gage served as a 
standard, 
s t r a i n  leve l  of approximately 0.004, and unloaded before tes t ing  again a t  
a d i f fe ren t  temperature following t h e  procedure described i n  the paragraph 
above. 
f a i l u r e  because of the high cost  of the capacit ive gages, and so that  the 
resis tance gages could be evaluated a f t e r  repeated loading. 

During tests a t  each temperature, specimens were loaded t o  a 

Thue specimens were tes ted repeatedly rather  than tes t ing  t o  
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Load-strain curves for the 10,445, 90Is laminate of HTS/PMK-15 (specimen 
A-1) are shown in figure 6.1-8. Resistance gages bere mounted on opposite 
sides of the specimen and the capacitive gage was mounted adjacent to 
one resistance gage. 
gages agreed closely at each temperature. 
a slight increase in stiffness with load at t s t  temperatures below 480 K, 
but were nearly linear at higher temperatures. 

Strains indicated by the resistance and capacitive 
The load-strain cwves showed 

Load-strain curves for the [ 9 ]  8 laminates of HTS/PMR-15 (specimen A-2) 
ere shown in figure 6.1-9. 
and capacitive gages differed no-more-than five-pet cent at the highest 
strain levels. At all test temperatures, the curves displayed a pronounced 
increase in laminate stiffness with ioad. 

Strains indicated by tF2 adjacent resistance 

Tension modulus values for each test of specimen A-1 and A-2 are . 
shown in figure 6.1-10 as a function of test temperature. Modulus was 
calculated frJm each strain gage'indication using a least square fit to 
the initial linear portion of the load-strain curves. Resistance gage 
indications were corrected for gage factor variation with temperature. 
For the [0 ,+45,y0ls  laminate (specimen A-1), modulus values from the 
resistance gages and the capacitive gage agreed closely for each test, 
and modulus from test-to-test was essentially constant with temperature. 
For the [ O ]  laminate (specimen A-2), modulus values indicatei by the 
resistance and capacitive gages differed by no more than eleven-percent 
during any test. The variation of modulus with Lemperature, for any one gage, 
was no more than ten-percent. 

* 

8 

The close agreement between resistance and capacitive strain gage 
indicetions during repeated tests throughout the temperature range has 
demonstrated accurate and repeatable performance for the resistance gages 
at temperatures as-high-as 589 K (WO0F). 

An HTS/NR-15OB2 [0,-t-45,90]E l..rcir~te (specimen B-l), instrumented with 
resistance strain -ages and a rod-in- tube extensometer, was 
tested at room temi erature and 589 K (600OF). 
figure 6.l-ll(a) show fair agreement betlieen the strain-gage and the 
extensometer at room-temperature, althugh the extensometer indication is 
somewhat erratic. 
(600'F) show an expected linear response for the resistance gage, but 
erratic response for the extensometer. Performance of the rod-in-tube 
extc:isometer has not proven to be reliable arid this device ha5 not Seen 
considered for further use. 

The load-strain curves in 

The load-strain curves in figure 6.l-ll(b) for 589 K 

The test methods described in this section are being used t o  characterize 
tensiorl properties of graphite/polyimidc laminates which are being developed 
and produced under the CASTS Project. Some typical test results are shown 
in figure 6.1-12 where trnsion modulus for HTS/NR-l50BZ lamiwtes in [018, 
[O,+45,9OIs, and [+45] 
of 117 K (-250°F),-2974K (75OF), and 589 K (600'F). 
represents a test of one specimen which was tested t o  failure. These specimens 
are not listed elsewhere in this report. Modulus values of fiber dominated 
[018 and [0 ,+45,90]  - 
tcmperiture range, ghereas modulus of the resin dominated [+4514 
laminate 

ply orientations is shown for tests at temperatures 
Each data point 

laminates varied only slightly throughout the test 

decreased somewhat with increasing temperature. 
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Imptoped graphitelplyimide laminates, presently be- developed in 
tbs C i m S  Roject, wi l l  be tested through an expanded matrix of coditions 
which include test tenperaturns of llnt (-2S0°F), room t eqera ture ,  aad 
)891t (600.P). -test eondit- of 125-hours at 589& 100 cycles 
fta ll7X to 589& and "as received" w i l l  be employed. Laminate 
orientatiom~ w i l l  include [OJ, [_+as], and [0,+,90]. Iaq~rooed f iber /  
-In systems such as Celion 6OOO/PMlb15 and Celion 6000/LARGl60 w i l l  be 
cberacterhed. 

Concluding Remarks 

Tension properties of graphite/polpimide laminates hawe been obtaine: 

temperature range, resistance s t r a in  gages provided accurate aud repeatable 
results suitable for characterizing aechanical properties of the graphite/ 
polyimide laminates. Strain walues indicated by the resistance gages at 
temperatures as-higkas 589 K agreed closely with values measured with a 
capacitive gage calibrated for temperatures as-high-as 1089 K (lSO@F). 

at t=Peramms fm 117 K (-ZSOOP) to 589 K (6OO0F).Th~ugho~t t h i s  
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6.2 IITRI Compr- .Pion Test  Method 
B. Basava Raju and Charles J. Camarda 

Difficulties i n  t h e  Cevelopment o f  compressive t es t  techniques f o r  
specimens prepared from t h i n  shee ts  of advanced composite material have 
included end s p l i t t i n g ,  buckling, and load alinement problem. While t he  
sandwich beam f lexure  specimen has been the  most successful and widely 
accepted technique f o r  obtaining compression data,  i t s  high cos t  per  
test severely l i m i t s  i ts use where da t a  on quan t i t a t ive  envi romenta l  e f f e c t s  
are of  i n t e re s t .  
inexpensive test method using t h e  IITRI compression tes t  f i x t u r e  ( f ig .  
6.2-1) which promises t o  al lev,ate  previous problems (ref.  6.2-1). 
mental results f o r  t h e  standard IITRI speci.ten (0.6 c m  (1/4 i n )  wiCe) and 
data from selected var ia t ions  of t h a t  specimen w i l l  be compared wit'h a 3-0 
finite-element ana lys i s  i n  an e f fmt  t o  evaluate  and possibly improve t h e  
test technique for  room and elevated temperature t e s t ing .  

The purpose of t h e  current  study is  t o  evaluate  a new, 

Experi- 

Graphite-polyimide (NTS/F%R-15) composite specSmens were fabr ica ted  

15' 
i n  widths of  0.6 an ( l i 4  is.), 1.3 cm (1/2 i n . ) ,  1.9 cm (3/4 i n . ) ,  and 
2.5 cm ( 1  in . )  and laminaticns of [O] 
f o r  t e s t i n g  st room temperature, and 589K (600~~). 
gages were used t o  confirm proper load a l i n e m n t  and to detem9ine longi- 
tud ina l  and t ransverse s t r a i n s .  

ply laminate are shown i n  figtire 6.2-2 f o r  RT and 589K ( 6 0 0 ~ ~ )  respect ively 
f o r  a displacement r a t e  of 0.1 cm/min (0.05 in./min). A di f fe rence  betbeen 
back-to-back longi tudinal  s t r a i n  readings of less than 10 percent \onfl.-med 
near ly  perfect  load alinenient and t h e  absence of bending o r  buehling durim 
loading t o  f a i lu re .  
tests are given i n  Figures f 2-3 and 6.2-4. 
l imited,  with a maximum var ia t ion  of  7.5 percent i n  compressive modulus far 
t h e  589K ( 6 0 0 ~ ~ )  tests and a maximum var ia t ion  of 2.5 percent f o r  the  rocm 
temperature tests. 
effects of  specimen width and tempereture on compressive material proper t ies  
and f a i l u r e .  

[90l2, [zb5]5s, and [0,+45,90lZs 
Back-to-back s t r a i n  

Typical s t r e s s - s t r a in  curves of the [ O l l 5  

Average compressive modulus and s t rength  data of severs; 
Sca t t e r  i n  t h e  results was 

The remaining specimens w i l l  be t e s t e d  t o  study t h e  

The average compression modulus of the  5 8 9 O K  (600~~) specimen increased 
by 17 and 29 percent over t h e  room temperature specimen f o r  stress l eve l s  of  
352 Mpa (51 k s i )  and 614 MPa (89 k s i )  respect ively.  The results were cons is ten t  
and warrant f u r t h e r  inves t iga t ion  by a d i f f e ren t  compression tes t  method such as 
t h e  sazdwich beam f lexure  test .  Also, t h e  ul t imate  compression s t rength  at 
elevated temperature decreased by 37 percent of the room temperature value. 

The objec t  of most material property tests is  t o  produce a uniform s ta te  

End cons t r a in t s ,  t a b  e f f ec t s ,  
of stress i n  the  test sec t ion  of a specimen ao t h a t  material proper t ies  can 
be determined "rom cons t i t u t ive  re la t ionships .  
extraneous addi t iona l  end loads,  f r e e  edge e f f e c t s ,  and thermal e f f e c t s  add t o  
t h e  three-dimensional nature  of stresses i n  t h e  specimen. To f u l l y  unqerstand 
r e s u l t s  of  a pa r t i cu la r  tes t  technique, such as ultimate s t rength  and modulus 
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values, it is necessary to know the exact state of stress of the specimen. 
Thus, a Wiy three-dimensional finite-elaent analysis of the IITRI specimen 
va8 performeC. Due to symnetry about its three midplanes, only one-eighth 
of the 0.6 cm (1/4 in.) IITRI test specimen including the graphite-polyimide 
laminate, glass-polyimide tabs, and -34 adhesive layer was idealized by 
three-dimensional finite elements (fig. 6.2-5) using ATLAS (ref. 6.2-2). 
primely means of mechanical load introduction is by tab shear (fig. 6.2-6), 
however, the effect of astmeous loads such as a uniform end load and a clamp 
load could be important. 

The 

The axial stress distribution in the top lamina of a [t45])+s laminate 
subject t o  only a tab shear load across the face of the tab in the X-direction 
is shown in figure 6.2-7. 
with peak values occurring near the tab region as expected. 
stress-distributions for each of the remaining five stress components were 
obtained and are being analyzed to determine areas of stress concentrations 
and possible failure initiation. 
end loads (fig. 6.2-6) and thermal loads on stress distributions will also 
be d e .  

Results indicate a nonuniform stress distribution 
Similar 

Analysis of the effects of other mechanical 
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(a) 8-node isoparametric solid element. 
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t 
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Figure 6.2-5 - Finite element idealization of IITRI compression 
test specimen. 
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- 
(a) Uniform end load. 
z 

X 

Y J 
(b) Clamp load. 

z 

J 
Y 

(c) Shear load. 

Figure 6.2-6 - End loading conditions of IITRI compression specimen. 
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Figure 6.2-7 - Axial stress contours i n  top layer  of 0.64 cm 

(0.25 in.) w i d e  HTS/PF2?-15 [ + 4 5 ] , ,  IITRI specimen. 
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6.3 Sandwich Beam Compressive Test Method 
Mark J. Shuart 

The purpose of this study was to develop a test method to obtain design 
data for compressive loading of graphite/polyimide composite materials for 
8 temperature range f rom 117K (-250OF) to 58% (600~~). CompressSve tests 
were performed using the honeycomb sandwich beam in four-point bending (ref. 
6.3-1 through 6.3-4). A finite element computer program was used to analyze 
the stress distribution in the test section of the sandwich beam. Constituents 
of the beam were tested to obtain input for the analysis. 

The HTS/PMR-15 composite material was used to fabricate [OB], 19081, 
The range of fiber volume fractions [(1452],, and [0/245/90], laminates. 

for all laminates was calculated to be 53 to 55 percent. 
specimens and honeycomb core compressive specimens measuring 25 x 3 x 0.2 cm 
(10 x 1 x 0.a6 in) and 10 x 10 x 3.8 cm (4 x 4 x 1.5 in) respectively, 
were used to obtain beam constituent data (figure 6.3-1). The sandwich beam 
specimens were used to obtain compressive data for the HTS/PMR-15 system 
and for 2O2h-T3 aluminum alloy. 
were compared with documented 2024-T3 compressive data (ref. 6.3-5) to 
identiQ any effects of specimen geometry on mechanical properties. 
composite sandwich beam specimens measured nominally 56 x 3 x 4 cm (22 x 1 
x 1.7 in). As shown in figure 6.3-2, these specimens were assembled using 
a composite top cover, a metal bottom cover, and a honeycomb core. 
The honeycomb core combines different densities, depending on the composite 
laminate configuration, as discussed in reference 
figure 6.3-3. 
55 x 2 x 4 cm 
2024-T3 top and bottom covers and lightweight aluminum honeycomb core. 
The honeycomb was 5052 aluminum alloy, 0.3 cm (1/8 in) hexagonal cell size, 
0.004 cm (0.0015 in) wall thickness, and 98 kglm 

Two types of composite beam specimens were used for compressive 
testing: beams with aluminum honeycomb core and beams with titanium 
honeycomb core. 
used previously at room temperature to obtain compressive data (ref. 6.3-4) 
but could not withstand a 589K (600~~) test environment. 
for tests in the range 117K to 589K were designed using titanium honeycomb 
core. Hence, four sets of composite beam specimens were fabricated. One 
set of specimens used aluminum honeycomb core for tests at room temperature 
and three sets of specimens used titanium honeycomb core for tests at 
117K, room temperature, and 589K. 

Composite tensile 

The data from the 2024-T3 beam specimens 

The 

6.3-3 and specified in 
The 2024-T3 smdwich beam Specimens measured nominally 
( 22 x 1 x 1.8 in). The specimens were assembled using 

3 3 (6.1 lb/ft ) core density. 

Composite beams with aluminum honeycomb core had been 

Instead, beams 

Approximately sixty percent of the experimental program has been 
completed. The coordinate systems used in this investigation are shown 
in figure 6.3-4. 
beneath the composite test section (fig. 6.3-3). 
5052 aluminum alloy [with 0.3 cm (1/8 in) hexagonal cell size, 0.004 cm 
(0.0015 in) wall thickness, and 98 kg/m3 (6.1 lb/ft3)] and Ti-3A1-2.5V 

Compression data were obtained from the honeycomb core located 
The honeycomb cores tested were 



titanim al loy  [with 0.6 cm 1 /4  i n )  diamond c e l l  size,  0.006 cm (0.003 i n )  

performed at room temperature, and data are presented i n  f igure  
wall thickness, and 112 kg/m 1 (7 l b / f t 3 )  core density]. The tests were 

6.3-5. 

A l l  laminate configurations were tes ted i n  tension i n  1 1 7 K  
(-250%'), mom temperature, and 589K (600OF) test environments. 
available data are presented i n  figures 6.3-6 - 6.3-8. 
temperature tensile specimens are shown in figure 6.3-9. 
[O/+-k5/90] 
tabs unbonled during tes t ing .  
which were tested at 589K ( 6 0 0 ~ ~ ) .  
figure since these  specimens spl intered i n t o  several pieces upon failure. 
All tensile specimens tes ted  a t  589K and ll7K used glass/polyimide 
end tabs. These tabs were chosen t o  minimize any thermal stresses due t o  
tab-specimen differences i n  thermal expansion. 

The 
Failed room 

The [O8] and 
specimens are shown without t h e  g l a d e p o x y  end tabs ;  t h e  end 

Figure 6.3-10 shows f a i l ed  t e n s i l e  specimens 
A [Og] specimen is not shown i n  the  

The results of room temperature sandwich beam tests f r o m  composite 
beams with aluminum honeycomb core,  composite beams with titanium honeycomb 
core, and 2024-T3 beams are tabulated i n  Figures 6.3-11 - 6.3-13, respectively.  
Figure 6.3-14 shows a typ ica l  sandwich beam specimen i n  the  test  fixture 
being loaded i n  four-point bending. Figures 6.3-15 - 6.3-19 show f a i l e d  
composite/aluminun honeycomb beam specimens. 
fa i led  i n  bearing under the point of  load application. 
figure 6.3-17, t h e  I9081 specimen buckled i n  t he  test section. 
specimen shown in Figure 6.3-18 fa i l ed  along a 45' ax is  wi th  respect to the  
length of t h e  beam. Ply delamination accompanied failure. Figure 6.3-19 
portrays a f a i l e d  [O/Lb5/90]s specimen. 
curvature of t h e  laminates investigated.  
shown i n  Figure 6.3-20. 
specimen. 
i n  the figure. 
depth) shear loading. 

The [ Os]  specimen (fig. 6.3-16 ) 

The [!+45)2], 
A s  i l l u s t r a t e d  i n  

This failed beam had the  most 
A f a i l ed  2024-T3 beam specimen is 

The m e t a l  covers d id  not cause failure of t h e  beam 
Fai lure  w a s  caused by the  buckling of  the  honeycomb core as seen 

The buckling occurred due t o  the transverse (through the beam 

A finite-element model was used f o r  t h e  ana ly t ica l  program of t h i s  
This program is  based on the assumption of l i n e a r  e l a s t i c  material 

The assumption is also made that t h e  composite ccver and t h e  
study. 
behavior. 
honeycomb core are homogeneous orthotropic materials. 
honeycomb in te r face  w i l l  be of par t icu lar  importance i n  t h i s  analysis.  
e f f ec t s  t h e  specimen geometry may have on mechanical propert ies  w i l l  occur 
i n  t h i s  region. 

The composite- 
Any 

The model used i n  the  finite-element analysis  is shown i n  f igure  
6.3-21. Each node has 
th ree  t rans la t iona l  degrees of freedom. This model approximates a 0.5 x 
1.3 x 4.29 cm (0.20 x 0.50 x 1.69 in ) ,  , region of the  beam test section 
as shown i n  f igure  6.3-21. 
The metal cover is represented by p l a t e  elements having i so t ropic  
material behavior. 
are modeled by br ick elements with orthotropic material  behavior. 

A t o t a l  of 750 elements and 1248 nodes are used. 

The model is symmetric about the x-z plane. 

Both the composite cover and the honeycomb core 
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Material property input for t h e  composite cover and honeycomb core were 
obtained from t h e  previous cons t i tuent  tests. 
these  mater ia l s  has iden t i ca l  e l a s t i c  proper t ies  i n  tension and compression. 
The moment ac t ing  i n  the  beam test sec t ion  is applied by a prescribed 
l i n e a r  displacement across  the  y-z plane of the  model. 
o f  t h e  cross-sect ior  is  calculated from elementary theory (ref. 6 . 3 - 6 ) .  

It is assumed t h a t  each of 

The neu t r a l  axis 

During the  next repor t ing  period, sandwich beams w i l l  be t e s t e d  i n  117K 
and 5 8 9 ~  environments and all remaining test data w i l l  be reduced. Also, 
t he  finite-element model w i l l  be m a d e  opera t ioca l ,  and test cases w i l l  be 
run of composite sandwich beay specimens i n  1 1 7 K ,  room temperature, and 5899 
environments. 
temperature tes t  eqvironments. 
experimental resdts is expected t o  lead t o  conclusions regarding effects 
of  specimen geometry on mechanical proper t ies  and + ?  a d e f i n i t i o n  of t h e  
l imi t ing  parameters within which t h e  sandwich beam provides a reliable 
compressive tes t  me+.hod f o r  design data. 

2024-T3 sandwich beam specimens w i l l  also be modeled i n  room 
The comparison of these test cases with t h e  
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Jltimate stress, Ultimate strain, 

s 

z 

ou&s modulus, Poissongs ratio 
V 

xy 
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~ 
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~ 
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(6.82) I [0'k45/90 Is 1.33 

535.1 
(77.61) 0.277 1.29 

Figure 6.3-11 - Graphite/polybi.de room temperature compressive data 
(Aluminum honeycomb core). 
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Figure 6.3-12 - Graphite/polyhni.de room temperature compressive data 
(Titanium honeycomb core). 
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6.4 Rail Shear Test Method 
Rabert R. McWithey, Ramon Garcia, Terry A. Weisshaar 

Research is being conducted t o  investigate t h e  rail shear test method 
for obtaining Gr/PI shear properties at elevated temperatures up t o  589s 
(600°P) and to determine Gr/PI laminate shear properties at room temperature 
and at 589K ( 6 0 0 9 ) .  The scope of t he  work includes analytical and 
experimental investigations t h a t  include t h e  following Gr/PI laminates : 
[ O U I ,  [90121, [,tPS2Is, and 10, 245, 901,- 

Two types of rails were used i n  t h i s  task: tapered rails that are 
bonded t o  t h e  Gr/PI l d n a t e  and untapered rails t h a t  are clamped to 
the GrDI laminate. 
assendled rail-shear specimen configurations. 

- 0f'fez-s two advantages over t h e  bonded configuration when t e s t i n g  at  
elevated teaperatures. 
uses a bolted fastener allows clamping of t h e  specimen between t h e  rails 
at  t h e  test temperature j u s t  p r io r  t o  loading. This technique eliminates 
undesirable thermally induced stresses tha t  would result from differences 
between thermal expansion coef f ic ien ts  of  the  specimen and rails. 
similar method u t i l i z i n g  t h e  bonded configuration is not presently possible 
because of adhesive cure-cycle requirements. ) 
configuration is eas i ly  fabricated and eliminates the complexities i n  
obtaining high-strength adhesive bonds at elevated temperature. 

Both types of rails are shown i n  figure 6.4-1 i n  
The clamped configuration 

F i r s t ,  a test technique under development t h a t  

(A 

Secondly, t h e  bolted 

The specimens are tested i n  an oven positioned between the  heads of a 
screw driven t e n s i l e  testing machine. 
using a machine head velocity of 2 p/sec. ( .005 inches/minute) . 
data  are obtained using resistance s t r a i n  gage rosettes. 
were positioned along t h e  center l ine  as shown i n  figure 6.4-1. 
rosette was positioned back t o  back with the  rose t t e  a t  the center of the  
specimen. Ekamples o f  t he  types of information obtained from these tests 
are shown i n  figure 6.4-2 f o r  a [0, 245, 901, laminate at room temperature 
and at 589K (600~~). "he preliminary test results f r a m  t he  back t o  back 
St ra in  gage rose t tes  indicate a state of nearly pure shear ex i s t s  a t  t h e  
center of the  specime? fo r  all laminates. 

Load is applied t o  the  specimen 
St ra in  

Three rose t t e s  
A fourth 

Analytical investigations of both configurations shown i n  f igure 6.4-1 
were made using t h e  f i n i t e  element program SPAR (see re f .  6.4-1). 
configurations were modeled using p l a t e  elements t o  represent the  specimen 
between the  rails and ?em elements to  represent the  rails. 
configurations determined the e f fec t  of aspect r a t i o  ( r a t i o  of length 
to width of Gr/PI between rails) and thermally induced strains on t h e  apparent 
material properties of the  Cr/PI laminates. Analytical r e su l t s  t h a t  indicate 
t h e  e f fec t  of aspect r a t i o  on the  shear stress d is t r ibu t ion  along the  
specimen centerline a re  given i n  f igure 6.4-3. The r e su l t s  for t h i s  laminate 
indicate the actual shear s t r e s s  along t h e  centerline of the  specimen i s  
within a few percent of the value anticipated from measurement of the  applied 
load when the  aspect r a t i o  i s  greater than 8. An aspect r a t i o  of 10 was used 

The 

Analysis of the 
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i n  the experimental investigation. The analy t ica l  results indicate a state 
of nearly pre shear exis+s i n  the specimen except for s m a l l  regions near  
the free edges. 

During t h e  next feu months t h e  ana ly t ica l  and experimental investiga- 
t i ons  will be completed and formal reports prepared for publication. 
status d scope of t he  test program is indicated i n  f i v e  6.4-4. 
tests are complete on the [0, - 1.45, 901, and [$!j2Is laminates, t h e  data 
have not yet been analyzed. 

The 
Although 
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c 
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6.5 Bolt Bearing Strengths 
Gregory R. Wichorek 

The purpose of t h i s  t a sk  is t o  experimentally determine bolt bearing 
strengths of graphite/polyimide composite laminates for  preliminary CASTS 
bolted jo in t  designs. 
developed for  graphite/epoxy joints.  

An attempt w i l l  be made t o  modify s t a t i s t i c a l  models 

Specimen and test variables were selected based on the near term 
objective of the CASTS project t o  design and fabricate a Space Shuttle Orbiter 
aft-body f lap  for  ground test. 
material selected for fabrication &id test was HTS/pMR -15 
laminate composed of 16 plies was selected wi th  a p ly  m i e n t a t i o n  of [ O ,  45, 
90, -65, 0 ,  45, 90, -451,. Joint strengths and fa i lure  modes w i l l  be deter- 
mined for a variety of width-to-diameter and edge-to-diameter ra t ios  (figo. 
6.5-1a and 6.5-lb). Double-lap shear specimens (fig.06.5-lc) with a 4.8 nun 
(.19 i n )  diameter bolt are t o  be tested at 117K (-250 F) , room temperature 
and 589K (6000~). 

The f i r s t  graphite/polyimide composite 
A quasi-isotropic 

For the next reporting period experimental test equipmeili 2nd z?thods 
w i l l  be checked and qualified. 
specimens a t  the planned test temperatures w i l l  begin. 

Fabrication and tes t ing of double-lup shear 
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L D  (4.83 mm) 

(a) Specimen configuration. - .  - 

(b) Specimen var iab les ,  
. .- - . - . 

-Load link --__-- - Doubler . .. --_ 

. _ _  _ _  
1 6  P l Y  . . - . .  

(c) T e s t  set-up. 

Figure 6.5-1 - Bolted j o i n t  sptcAmen var iab les  and test set-up. 
.. . . - .  _ -  --.-- . -  .-._ 
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6.6 Adhesively Bonded Scarf Jo in t s  
W i l l i a m  E. Howell 

The purpose of t h i s  task is to  evaluate the  static and fa t igue  propert ies  
of graphite/polyimide bonded scarf jo in t s .  
times t h e  laminate thickness,  w i l l  be evaluated. 
of HTS/PBB-15 with a [0/*45/90/-&5], or ien ta t ion  and a nominal thickness of  
0.13 c m  (0.050 in.). To evaluate the  influence of temperature and aging on 
bond strength, static t e n s i l e  and constant amplitude fatigue tests w i l l  be 
conducted at 1 1 7 K ,  XI!, 533K, and- 589K (-250W', RT, 5009, and 6 0 0 0 ~ )  i n  t he  

To evaluate 
res i s tance  t o  thermal cycling, specimens w i l l  be cycled 100 times from 117 
t o  589K and then tested i n  static "ension and i n  constant amplitude 
fatigue at room temperature. 

Tvo scar f  lengths,  20 and 40 
A l l  material w i l l  be &ply 

e- as received" condition and after 125 hours of aging at 589K. 

Four r ep l i ca t e s  of each test w i l l  be conducted. 

Large panels are being machined i n t o  small panels with appropriate 
These panels w i l l  be bonded in to  scarf  j o i n t  panels from which scarfs.  

test specimens w i l l  be machined. 

During tile next reporting period fabricat ion of 160 test specimens of 
t h e  configuration sham i n  figure 6.6-1 should be completed. 
polyimide adhesive vi11 be used t o  bond the scar f  j o in t s .  
Will also be evaluated. 
design and a j o l n t  strength analysis  wall be conducted. 
w i l l  be in i t i a t ed .  

FM-34 
LAKC 1 3  adhesive 

A f i n i t e  element a n a l y s i s  of t h e  bonded j o i n t  
Tensile t e s t ing  
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The obJectives of' this proigrrra ere t o  bf'be environmentel spectra for 
space shuttle and assess the seacritivitJI and charabiuty of er8@ite/polyimide 
-itas to various Blltri-W parameters. 
tempe3rrit\rre, thermal cycling, and shuttle fluids OSI the themel. physical, 
and mpadurpnfcel properties of &/PI -ites vill be determined mder 
similatea envixwmmtal canditima fbr Space shuttle. '9he prugram is 
&ivi&d into five lnaJor tasks: eavinmmental dafbition, test procedures 
and baselfne bta &Whitiar, envlronrpental sensitivity. thermal physical 
pmperties and gpaCe Shuttle f'lrdds exposure. 
teska are discussed ia the following sections. 

The effects of moisture. 

The status of each of these 



barrel Tenney, Jalaiah Unnem, and Kdward Long 

Noisture absorption by m r  matrix campasites can tdte phce bar 
c a g f w  action abng the  f%ber/matrix interface, throtlgb cracke or voids 
in the resin, and by diff’usian throu@ the matrix. Sn lare, well-bmded 

dif’f’tdar through the aatrfx- Diffusion into the material i n  the direction 
normal t o  the surface cau be mathemaMCallJr desertbed 
vith au eifectiwe dipfusion coeff‘icient. The surface moisture amtent  
(bomdary conditiar) is usually a Amction of the relatiwe h d d i -  of 
the enwhommnt -aceat to the composite panel. A computer prograa~ was 
w r i t t e n  to  solve the  approprtate diffbsiom equations by a Pfnitedtffereace 
technique allowing fbr time-dependemt changes i n  the humidity and tearperatme 
of the envimment. %is pro&ram is being m t e d  and will be made 
avdlable througb COSMIC. 
equilibriua moisture contents for the graphfte/polyimbde ‘systems are not 
available at t h i s  t ime ,  the abom analysis was tested by sirrmlatiag the 
moisture pickup i n  ~300/5208 system for  which the data are Imam. Eational 
Weather Bureau data tapes are used to  update the bomdarg conditions. The 
Pindings of these simulations are reported in reference 7.1-1. Ibe techniques 
and the methodology uti l ized in these sinnrlatiolls should be directly 
applicable t o  the misture content predliction in graphite/polyit de systems. 

m i t e  h-9 the prlmarp mecham is bJr absorgtia 

Pick’s Secant3 b i w  

Because the diffusion coefFidents and the 

Yki,ture Absorrnion Kinet ics  

An important input t o  the difPIIsion analysis is the n?lationship between 

Uhereca the equilibrium moisture content is detendned 
equilibriisa moisture content for t he  campogite and the hlnnadity of the 
envlranment. 
the relative humidity of the environment, the  rates of absorption and desorp- 
t i o n  of moisture are controlled by the rates of diffusion fn t h e  composite. 
effective diffusion coefficient depends on the  diffusivity of t h e  matrix, the 
diffusir i ty  of t h e  fibers, the volme fraction of the fibers, and the 
or!ent&ian of the fibers vith respect t o  the exposed surface. Although 
analytical relationships among these parameters have been developed, the 
simplest and perhaps most -liable method of obtaining the effective BifArrian 
coeffScient is te experimentally measure it for the composite laminates of 
intgrest .  

The 

Specimens w e r e  fabricated from the ( 0 )  and ( 0 ,  zb, 901, lay-up of HTS 
graphite fibers i n  PMR-15 polyimide matrix. mese specimens are being 
exposed t.> d i f f e ren t  combinatians of relative humidity and temperature. 
ifeight gain data will be obtained by veighing the specimns at predetermined 
intervals. 
of relative hrmaidity. 
obtained by solving the diffusion equation t o  f l n d  the diffusion coefficients 

The equilibriua moisture content v i l l  be noted as a ftnctiaa 
!he rates of absorption and desorpticm will be 
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which eve solutions tha t  match the experbental wight gain curwes. 
diffusion coefficients will be noted as a function of the filament lay-up 
and the  temperahme of the envirwment. 

lhese 

HlS/ERl.5OB2 specimens, 8 ao x 1.3 cm x 10 ply ( 3  in x 1/2 in x 3.0 ply),  
w i t h  mi-directional lay-up were vacuum dried i n  am oven at 339K (1s P). 
These spechens had been previously exposed t o  the ambient lab envircmment. 
A f t e r  38 m, the average weight loss was 0.$5% ~ l l  of this weight loss 
has been atributed to loss of ebsorbed w a t e r .  Under this a s s w i m  and 

7-2 x 10 s WBS determined w i t h  the uethod described by (ref. 7.1-2). 
Assuming that the i n i t i a l  absorptian and desorptioa coefficients of the 
material at low temperature (3l l -3  
desorption coefficient of 7.2 x 
absorption c o e a c i e n t  of 6.7 x 
7-1-1- 
of grWhite/polyimides may be similisr t o  tha t  of graphite/epoxies. 

loss histories, a moisture desorption coefficient of 

IC) (100-150 P) are the s m ~ ,  the 
*/s is appdmately equal t o  the 
>/s for T300/5208 used i n  reference 

These results indicate that  the absorption and desorption behavior 



183 
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J. Composite Materials, vol. 11, Jan. 1977, p. 2. 
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7.2 Test  Procedures and Baselhe Data Definition 

An mwlronmental chamber and platens with provision for heat- 
and coollu8 w i l l  be used to obtain the desired test conditioos. 
Mechanical ex nsometers w i l l  be used rather than s t ra in  me8 for the 
moieture conditioned spechens so that the effects of moisture coadi- 
t lodng w i l l  not be compromised during the time required to apply 
strai0. gages. The extensometers can ba encapsulated to provide 
ptotaction. 

The test techniques for both tension and compression specimens at 
all test temperatures have been formulated d verified wing  2024-T4 
aluminum specimens. For the verification tests at room temperature and 
117 K (-250 I?), strain w88 monitored using both strain gages and a 
recheaical extensometer. Agreement between gages and extensometer was 
within l% for all tests. Tbe extensometer wa8 andifled to allow we 
wlth the heating/cooling support platens. 

Teqerature  profiles were obtained on a graphite/polyimide 
specirpea O.OU5 m wlde fo r  a gage length of 0.0603 m at temperatures 
from ll7 K (-250 P) to  589 K (600 E'). Temperature distributions weme 
considered satisfactory. 

Bail shear test fixtures have been fabricated aud preliudnary 
test specimens have been instrumented wlth strain gages for  f o r d a t b n  
and verif icat ion of satisfactory test technique. R a i l  shear, &OZt 
be!am shear, and flexure specimens will  be tested using a amtrollad 
environmental chamber currently being procured. 

Temtiog of spechens in the moisture effects  test u t rh  Sa 
expected t o  begin in the next reporting period. 
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Moisture Effects 

'Iha objectiwe of this task is to quantitatively detardne the 
effect of moisture on the mechanical properties of Grlpr v i m 8 0  
%bo aaterial systems w i l l  be iaveetigated. The laminatee to be studied 
are: (0), (go), @5), aad (0, $5, 90) . Tension, ~res81011 ,  
flexure, -interlaminar s u r ,  and ia-pde w r  teetr w i l l  be conducted 
on specinens in a dry and saturated condition, ¶bo -lex 
COndAtioaing treatments consist- of combimd ploisture expos9ra d 
therntal cycling w $ l l  also be inwestigated. T e s t e  w i l l  be conducted at 

when the test procedures end baselhe data have been established, 
U7 K (-250 P), RT, and 589 R (600 F). This a ~ t i o i t p  d l  

Thermal cycling 

The objectiwe of this activity is to d a t e m e  the effects of 
them cycling on the residual mechanical properties of candidate matetielm 
for CASTS. 

117 K (-250 IF) to 589 K (600 P) and 1 x lo4 Pa to 101 kPa (10 
760 PID Eg), respectively. A thermal/pressure cycle shulathg a bpace 
Shuttle mission will be used. The residual strengths of the material 
in tension, compression, short beam shear, flexure and tail shear will 
be measured. Specimens will be thermal cycled after low t h e  ltorsgs 
at ambient laboratory temperature and relative humidity. Wet end dry 
specimens will also be thermally cycled i n  an attempt to evaluate 
combined coupled effects of moisture and thermal cycling on residual 
s t reag th . 

Temperatures aud pressure ranges for these tests wlll be 
-6 to 

Thermal cycling equipment to d u c t  Lasts for this study is 
being designed and built under contract. 
for delivery in Angust 1978. 
of m e  of the test materials as these panels become rmailable. 

This equipment is scheduled 
Test specimens are being cut from panels 
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7.4 Thermal Properties 

RonalC K. Clark 

The work i n  t h i s  area is being performed under contract. The ob- 
jectives are t o  determine the thermal conductivity, thermal expansions, 
specific heat, and emittance of HTS/PMR15 and HTS/NFU50B2 graphite/polyimide 
composite materials i n  quasi-isotropic and unidirectional layups over the 
temperature range of 117 (-25OP) t o  589 K (600F). 
data and thermal expansion data will be obtained for  the directions of the 
three major axes. 
perties tests of HTS/PMRl.S graphite/polyimide. The HTS/NRlSOB2 tests all 
be completed during the  next report period. 
be completed i n  August 1978. 

Thermal conductivity 

The contractor has completed a l l  thermal-physical pro- 

The contract is expected t o  



8.0 STRUCTURAL IBJ!PEGRITY 

8.1 Fracture Behavior 

Richard A. Everett, Jr. 

The purpose of this task is t o  apply existing analyses or develop new 
analyses that will predict the fracture strength of graphIte/polyMde. 
This w i l l  be accomplished by tes t ing a series of specimens with different 
hole sizes and widths and using the test data t o  determine t h e  val idi ty  of 
the  Fracture model. The specimen geometry and test matrix is shown i n  
tfeures 8.1-1, 8.1-2, and 8.1-3. 
specimens, of which 252 Will contain a notch and 117 specimens w i l l  be 
uaaotched. Residual strength tests  after constant amplitude fatigue 
cycling will also be conducted on notched specimens. 
be obtained at  room temperature 117 K (-2500 F) 
Moist..?-e w i l l  not be controlled during these tests. 
studied are HTs/FMR-15 and HTS/NR150-B2. 

The test program consists of 369 

Fracture data w i l l  

The composites being 
and 589 K (6000 F) . 

Fracture tests w i l l  be in i t ia ted  during the  next report period. 
tests at cryogenic and elevated temperatures w i l l  be conducted i n  a 
commercial environmental chamber which uses liquid nitrogen for  the 
cryogenic tests and radiant heating for t h e  elevated temperature tests. 

The 
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Bo. 
of 

SFeCimeIlS 
Matrix 
Material 

w, 
Qp 

PMR-15 

2.54 33.0 

2.54 33.0 

2.54 33.0 

33.0 1.91 

5.08 35.6 

2.54 33.0 

2 . 1. :: 33.0 

..- 

35.6 

35.6 

38.1 10.2 

2.54 33.0 

2.54 N X  50-B2 33.0 

..- 

Figure 8.1-2 - Unnotched specimens. 



Specimens 

0 159 

Figure 8.1-3 - Notched fracture specimens. 
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8.2 Cyclic Debonding 

Richard A. Everett ,  Jr. 

The purpose e f t h i s  task is t o  develop the relsrtionship between strab 
energy release rate and cyclic de-d rate in a titanium end graphite/ 
po-lyimide bonded joint. 
inspection i n t e r - d s  for fail-safe design criteria surd to  indicate the 
minimm load & The geometry of t h e  
specit, ’3 used fr, this study is shown in  f i v  8.2-1. The t e s t  progrcm 
consists of 100 tests which rrre separated into four groups of specimens 
with e--ch group being a different matrix and adhesive combination. The 
coeaposites being used are arS/pEw-15 curd ETS/Iw150-B2. 
are PW-34 and modified L A R C r 3 .  Each group of specheas will be tested 
at room temperatures, 117 K (-2500 P) and 589 K (6006 P). 

Qclic debond rates can be used t o  establish 

.“lien cyclic debonding w i l l  occur. 

The two adhesives 

Acoustic emission has undergone preliminary evaluation as a debmi 
monitoring technique. 
between an established photoelastic technique (Ref. 8.2-1) and the acoustic 
emission technique if both sides of the  joint  debond simultaneously. 
Several deband spechens have been fabricated t o  explore t h e  parameters 
which govern t h e  settings on t h e  acoustic emission equipment. 
fnsure that t h e  data that  define t h e  debond Pront are accurate. 

The results as of t h i s  date show good correlation 

This w i l l  

Dehond tests w i l l  begin during t h e  next report period and about 50 
tests will be completed in time for the  next CASTS report. 
50 tests w i l l  be completed i n  early 1979. 

The remaining 

e-3 
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The objectives of t h i s  t a sk  are: (1) To daretop praeedmes and equipment 
P@pbr& to  conduct fatigut? tests of grapk%te/pelyimide unaer constant- 
Qlsplitude lo& at UZ, ZT a d  58% (-2m°F, ipr, snd 600OP); (2) t o  develop 
gpo@@dms and equipment required t o  conduct real-time and accelerated fat igue 
tests of graphite/polyimide under variable-amplitude loads with cyc l ic  
.t@&per&tures between U ? K  and 58%; and t o  per fom a limited number of fatigue 
tests cf graphite/polyimide material t o  determine prel-nary fat igue properties 
of' sele-tea composite layups. 

Fmcedwes were deTloped an8 ver i f ied  for both constant and variable- 
araaplitude fat igue tests. 
=re used i n  a l l  tests. 
pph i t e /po ly imide  [O,  45, 90, -451, are shown in figure 8.3.3-  

mse prelinainary data hdicate a s igni f icant  effect of temperature on t h e  
fatigue s t rength of t h e  material. 

Specimens with a cen t r a l  hole (figs. 8.3-1 and 8.3-2) 
Preliminary constant-amplitude f a t i s e  data for 

The data 
obtained f m m  test specimens of HTS/pMR-15 laminates prepared in-house. 

Additional test specimens have been 
. ordered. 

CASTS project requirements t o  conduct fa t igue tests at 1 1 7 K ,  room 
temperature, 589K, and with cyc l ic  temperature from 11°K t o  589K cal led 
fo r  the development of a compact device with which t o  heat or cool t h e  
small  test specimens. 
compatible with cycl ic  temperature extending t o  the  cryogenic range. The 
system developed is shown i n  f igures  8.3-4 through 8.3-7 and is current ly  
in use. Figure 8.3-4 iden t i f i e s  the  components required t o  maintain a 
constant cryogenic temperature. 
components, and f igure 8.3-6 shows the assembly ins ta l led  i n  a t e s t i n g  
machine. 
is shown i n  figure 8.3-7. 
of l i qu id  nitrogen ana a thermocouple feedback from t h e  specimen t o  the  
solenoid cont ro l l le r  . 

Existing equipment was too l a rge  o r  w a s  not 

Figure 8.3-5 shows t h e  assembled 

The appearance of t h e  system during operation at 1 1 ° K  (-25dOF) 
The cryogenic-control system requires a source 

To conduct elevated temperature tests, t h e  thermocouple feedback 
operates a standard temperature cont ro l le r  which controls e l e c t r i c a l  
pwer  t o  the  heating ce,.rtridges. 

Cyclic temperatures a re  f a c i l i t a t e d  by in s t a l l i ng  a separate thermo- 
couple t o  two cont ro l le rs ,  and ac t iva t ing  t h e  two cont ro l le rs  a l te rna tc ly .  
The two control lers  can be activated e i the r  by su i tab le  timers o r  from a 
programing device which synchronizes the temperature changes w i t h  other 
events (loading, hold time, e t c . )  i n  the t e s t .  

During t h e  next reportping period, t h e  control equipment f o r  the variable- 
amplitude fat igue t e s t s  w i l l ,  be received and ins ta l led .  About 50 of t h e  
constant-amp:itude and variable-amplitude tests w i l l .  be completed. Addi t,inn:tl 
coupon specimens will be ordered for  t e s t s  t o  f i l l  gaps i n  t h e  result.5. A 
t o t a l  of about 100 tests w i l l  be conducted i n  t h i s  ac t iv i ty .  
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Figure 8.3-1 -Graphite/polyimide fatigue specimen. 
(Dimensions in millimeters (inches). ) 
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%I Computer Code Development and Modification 

Jaanes C. Robinson and Charles L. Blackburn* 

' Fini te  element maly8is of struccures composed of fiber-reinforced 
&mced-caarpo8ite materials, such as those being considered i n  the CA$m 
pVojeat, involves complications not encountered i n  the analysis of 
styuctures of isotropic materials. The highly orthotropic st iffbass,  
strength, and thermal properties of the individual layers require tha t  
either ths'orientation and properties of eaeh layer be defined or  the  
eqhivalent anisotropic properties of the  laminate be specified. 

single l k r  requires that several layer orientations be used i n  practical  
structures. 
laminates t h a t  are symmetric about t he i r  mid-plane. 
bending-extensional coupling exis ts  and must be considered i n  the analysis 
i f  an accurate estimate of laminar  behavior is t o  be obtained (refs.  

The l o w  s t i f fness  and strength, normal t o  the  fiber direction, of a 

In some cases, it may not  be possible or practical  to  use 
For such laminates, 

9.1-1 and 9.1-2). 

When simple two-dimensional structural  f i n i t e  elements (i.e., having 
three or  four nodes) are used, quadrilateral elements are preferable t o  
triangular elements because they yield more accurate results fo r  a given 
number of degrees of freedom (refs. 9.1-3 and 9.1-4). 
curved structures it is impossible t o  guarantee tha t  a l l  four nodes of a 
quadrilateral are i n  a plane. Therefore, the availabil i ty of a simple 
quadrilateral f i n i t e  element capable of accr>nrmodating small amounts of 

purpose aprlications. Previously used approximate methods which allow 
fo r  small amounts of warping of simple quadrilateral elements have been 
described i n  references 9.1-3 - 9.1-7. 

Generally, for  

warping" - (i.e. not a l l  four nodes in  a plme) , is desirable for  general tt 

The development of a hybrid, anisotropic quadrilateral element which 
accounts for bending-extensional coupling and recovery of layer stresses 
is described i n  reference 9.1-8 and br ief ly  summarized herein. 
w a s  incorporated, under NASA contract, i n  the SPAR structural  analysis system 
(available through COSMIC) (ref.  9.1-9 and 9.1-10). 
validation of t h i s  new element, the following studies have been conducted: 

This element 

As a part  of t he  

(1) Buckling of gencral laminated plates. 

( 2 )  Thermal stresses of laminated plates cured at elevated temperatures. 

(3)  Displacements of a bi-metallic beam. 

14) Displacements and stresses of warped isotropic and anisotropic panels. 

"Assistant Professor, Ulaiversity of Tennessee at Nashville, 
(NASA Grant NSG-1.455) 
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In addition, flat and spher ica l  o r thot ropic  and an iso t ropic  segments 
were analyzed and t h e  results are compared with results f r a m  higher-order 
pl&e snd s h e l l  f i n i t e  element analyses. 

Par t ia l  results from some of these  studies are presented herein. A 
de ta i l ed  and complete discussion of t h e  results f r o m  all s tud ie s  is 
given i n  reference 9.1-11. 

The a b i l i t y  t o  predic t  buckling loads of fl& , mult i - lwered,  aniso- 
t r o p i c  panels with t h i s  element is demonstrated by comparison with results 
from an extended Calerkin ana lys i s  ( r e f .  9.1-12). Non-dimensional shear  
and axial buckling loads from reference 9.1-12 and for several f i n i t e -  
element mesh sizes are shown i n  figure 9.1-1 for a square panel. 
positive s ign conventions are defined by t h e  sketch shown on t h e  t ab le .  
A$ indicated by these  results, convergence of t h e  f i n i t e  element so lu t ion  
has been a t ta ined  for all p rac t i ca l  purposes. 
Correlate well w i t h  the Galerkin so lu t ion  except for a s i n g l e  case of a two 
layer panel w!%h a 45O or ien ta t ion .  
t h e  shear bucklitig load. 
convergence of t h e  Galerkin so lu t ion  which gave higher b u c k l i w  loads 
than t h e  monotonically decreasing converged f i n i t e  element solut ions.  

The 

Further,  t hese  results 

A 25 percent d i f fe rence  occurred f o r  
This d i f fe rence  may be a t t r i b u t e d  t o  non- 

Thermal stresses due t o  l.he high-temperature cur ing of a multi-layered, 
graphite/epoxy panel have been calculated t o  demonstrate t h e  capab i l i t y  o f  
t h e  new element t o  recover l a y e r  stresses. 
O/gqo/O ( i .e . ,  a middle layer 10 times th icker  than e i t h e r  ou te r  l a y e r )  
is analyzed. 
f r o m  a closed form so lu t ion  in reference 9.1-13 for an i den t i ca l  panel. 
As indicated i n  figure 9.1-2 nearly iden t i ca l  r e s u l t s  are obtained. 
results are obtained f o r  square, "-uasi-isotropic" ([90/0/+45], and 
[O/~601s), graphite/polyimide, l e  ,,.nated panels t h a t  were typ ica l  of those  
considered i n  t h e  CASTS project .  
temperature d i f f r  Znt ia l  of 550K (53O0F) which appr ximates t h e  d i f fe rence  
between t h e  curing temperatures and t h e  low operat ing temperature of space. 
A compressive longitutj inal  stress and a t e n s i l e  t ransverse 
approximately 69 MPa (10 k s l )  w a s  determined. 
t ransverse stress and its associated s t r a i n  are g rea t e r  than the ultimate 
stresses and s t r a i n s  given i n  reference 9.1-14 f o r  graphite/polyimide 
materials. 

A 3-layered laminate;  namely, 

The stresses within each ?.aysr are compared w i t h  the results 

Similar 

" b s e  panels were subjected t o  a 

stress of 
The l i n e a r  t e n s i l e  

Results obtained with t h e  new element are compared with results obtained 
using several  higher order  quadr i la te ra l  elements f o r  a p l a t e  problem 
analyzed i n  reference 9.1-15. The higher order elements are hased on 
l i n e a r  shallow-shell t h e o q ,  including e f f e c t s  of shear  defo-mat ion, 
material anisotropy and tending-extensional coupling. 
designated SQ12 and SQH, are based on assumed displacement fields. The 
element Sa2 has 12 nodes and 60 ( s h e l l )  o r  36 ( p l a t e )  degrees of  freedDm 
and t h e  SQH element has four nodes and 80 ( s h e l l )  o r  48 ( p l a t e )  degrees 
of freedom. 
uniformly loaded, simply supported, anisotropic  (45/-45/45/-b5/45/-45/ 
45/-45/45) square p l a t e ,  having thickness-to-side ratios ( t / a )  o f  0.01 

Two elements 

Displacement and moment d i s t r ibu t ions  were ca lcu la te6  f o r  a 



mulO.OOl. 
sheep deforpsatiaas. arr axplmrle pmhlm in rrhich the effect o f  shear deformation 
is verg small vas sdected. R e s u l t s  were obtained usiw n h x b and 8 x 8 
f”inSte element m@sB and amre comptwed w i t h  results prols reference 9.1-15 in 
figure 9.1-3. hesults for the 8 x 8 mesh are nearly coincident v i t h  results 
for the Wer order ehments. 
&re allso in gwd lagTeeraeat with reference 9.1-15. 

siwe the new element b e s  not fncluQe the effects of transverse 

h u ~ t s  for the b x 5 f i n i t e  element mesh 

(2) Th@mml cur- stresses are accurately determined by the new ei%ient. 

(3) The new element displays g&erdly tpod agreement with rem?-ts 
f r o m  several hi@er-ordtr el@m@nts for orthotropic and anisotropic plate 
and *ell CQnflgUrationS. 

The abow considerations indicate that tMs  element has broad 
application to the analysis of structures being considered i n  the CASTS 
PrsgFam. 
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(a) t/a = 0.01 

Y 10-2 

(c) t/a - 0.01 

(b) t/a = 0.001 

r 

x/a 

(d) t/a - 0.001 

Figure 9.1-3 - Distribution o f  transverse displacement w and bending-moment resultant 
NX along V = a/2. Simply supported, nine-1 ayered (45/-45/45/-45/45/-45/45/-45/45) 
anisotropic square p la te  (ref. 9.1-15). 
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9.2 A f t  Body Flap Design Studies 

James C. Robinson and Charles L. Blackburn" 

Work is undervay in-house on a preliminary design of an advanced composite 
body f lap for  the space shuttle. 
(fig. 9.2-11, which had approximately 500 D.O.F. for a half model and s t i f fness  
properties based on the aluminum body f lap,  was used for determination of 
in-plane loads. 
models [about 600 D.O.F.) of a quarter of a panel w e r e  used w i t h  assumed 
boundary conditions (fixed on long sides, simply-supported on short sides). 
Stiffness properties of the panel models w e r e  for graphite polyimide. 
SPAR structural  analysis system (ref. 9.2-1) w a s  used for analysis. 

A relatively coarse f i n i t e  element model 

For pressure bending of the cover panels, two more-detailed 

The 

The external loads considered on these models w e r e  aerodynamic pressure, 

Thermal loading was not imposed because appropriate temperature 
ine r t i a l  loads, and forced support deflections due t o  orbi ter  structural  
deformation. 
distributions for the composite structure were not available. Also, thermal 
stresses due t o  temperature gradients i n  an a l l  composite structure are much 
less than in a s i m i l a r  aluminum structure due t o  the  lower coefficient of 
thermal expansion. 
of titanium fittings t o  a composite body f l cp  at  elevated o r  cryogenic 
temperatures w i l l  require detailed models for  analysis. 

Assessment of local thermal stresses due t o  attachment 

Panel loads (or  stresses) are defined i n  figure 9.2-2 and shown i n  
figure 9.2-3. 
low values of the calculated load, maximum values of a given load component 
are presented even though they may not occur at the same location. 

Due t o  the preliminary nature of the calculations and t h e  

Based on these loads, structural  concepts for  a preliminary design of at1 

advanced composite body f lap were selected and are shown i n  figure 9.2-14. 
The relatively low loads i n  the body f l ap  sandwich cover panels require 
tha t  the face sheets be minimum gage. 
was selected. 
or 0.30 nun (0.012 i n )  i f  0.076 mm (0.003 in )  tape were used. 
buckling capability of t h i s  t h i n  sheet cannot be readily determined from t h e  
l i terature due t o  t h e  lack of symmetry i n  the  ply stacking. 
program w a s  used t o  determine the  approximate intra-cell buckling stress 
of several laminates as shown i n  figure 9.2-5. 
buckling coefficients for isotropic materials as determined by SPAR and 
those used i n  industry (specifically the Boeing Company s t ress  manual) is 
also shown. From the  figure, it appears that  t h e  core ce l l  size should 
not exceed 6.3 mm (0 .25  i n ) .  

A pseudo-isotropic lqr-up, (0, t45, 90) - Therefore, a minimum gage face shee t  would be 4 layers thick 
The intracel l  

The SPAR 

A comparison of intra-cell 

A refined f i n i t e  element model ( f ig .  9.2-6) of the body f lap  has been 
developed. This morlei has approximately 6000 degrees of freedom and 1600 

"Assistant Professor, University of Tennessee at Na::hville ,( ?ASP, Crunt ;?FC,-1,55) 
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elements. 
comparison with existing results collected under contract IUASl-14170 with 
Rockwell International 

Both models have been enrtlyzed using metallic properties for 

During the next fev muntpls, efforts w i l l  be focused on the determination 
of internal loads i n  the aluminum body f lap f h m  the refined model results, 
and development of a composite body f lap  model using these loads. 
m a l  gmnll thermal models vi11 be developed to determine l~ca l~ temperature  
distributions. 

Also, 
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10.0 IBI-HOUSE DESIGN AND TEST OF' STRu@puRAL ELEMEWH 

10.1 Stiffened and Sandwich Compression Panels 
Robert R. McWithey and Charles J. Caraarda 

Development of full-scale, lightweight, advanced composite compression 

The purpose of this research is to develop Pull scale Gr/PI 
pgnels depends heavily on data generated by sub-el@in@nt design, analysis, 
snd test. 
stifpened and sandwich panels tha t  are structurally e f f ic ien t  and satisfy 
temperature design requirements and local  and general  s t ab i l i t y  requirements 
for static compressive load conditions. 

The stiffened panel program began i n  January 1978 and is scheduled t o  
continue through 1980. 
The first phase, which is presently underwag, w i l l  be an analytical 
Snvestigation t o  optimize the four stiffened panel concepts shown in  
figure 10.1-1. 
and test of crippling specimens representative of the more structurally 
efficient designs. 
buckling behavior of the full scale panel-designs. The th i rd  and f ina l  
phase of the  program w i l l  be the fabrication and test of f u l l  scale Cr/PI  
ampression panels (approximately) 1 m by 1.5 m (3  f t  by 5 ft). 

The p rogra~  is divided in to  three basic phases. 

The second phase of t h e  program w i l l  include the fabrication 

This phase of the  program will determine the  local 

During the next few months, optimum panel designs w i l l  be established 
for the  stiffened panel concepts for a wide range of loads and temperatures 
up t o  589K (6OOOF). 
fabricated under contract. 

In  addition, Gr/PI crippling specimens w i l l  be 

The compression sandwich panel program, which began i n  July 1977, w i l l  
continue through 1979 and w i l l  parallel  the stiffened panel program. 
Methods fo r  bonding facesheets t o  honeycomb core using FM-34 and LaRC 13  
tape and Br-34 and LaRC 13  cell  edge adhesives are being investigated by 
a series of face-to-face tension tests i n  an effort t o  develop strong, 
3 ightweight , reliable, adhesive bonds. 
and elevated temperature w i l l  be obtained by sandwich beam flexure tests 
and compared with direct  tension test and IITHI compression test results. 
to t a l  of 80 face-to-face tension specimens and 40 flexure beam specimens, 
all fabricated with HTS/PMR-15 facesheets and HRH-327 glass/PI honeycomb 
core, w i l l  be tested at l l T K ,  RT, and 589K ( -250, RT, and 6009). 

Material property data at cryogenic 

A 

To support t h e  development of a design procedure for lightweight, 
advanced composite, honeycomb sandwich cmpression panels, an experimental 
program has been in i t ia ted  t o  study local and geperal ins tab i l i ty  modes 
of Cailure. 
different modes (dimpling, wrinkling and crimping) and m i n i m u m  weight fill 
scale panels w i l l  be designed t o  fa i l  i n  general buckling modes at various 
loads and temperatures. Both local and generai buckling specimens w i l l  be 
fabricated under contract. 

Local buckling specimens w i l l  be designed t o  f a i l  i n  
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Hat stiffened skin 

Hat s t i f f e n e d  honeycomb sandwich panel 

Blade s t i f f e n e d  skin  

Blade s t i f f ened  honeycomb sandwich panel 

Figure 10.1-1 - Stiffened panel concepts. 
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10.2 Shear Panels 

Ramon Carcis 

The use of composite materials to achieve efficient airframe structure 
requires t h e  study of composite shear  panels because they are a basic 
element i n  many airframe components. 
demonstrate design methods for graphite/polyimide shear panels for 
l i g h t l y  loaded appl icat ions.  

The objec t ive  of t h i s  prognwi is to 

Several graphite/polyimide shear  panels w i l l  be designed, fabr ica ted  
and tested. 
skin-stringer.  
panels with access holes. 
determined from a preliminary composite design for the space shut t le  
body f l a p  and are expected to be minimum gage panels. 
be designed for heavier loads to  obtain experience with shear  panels of 
o the r  than minimum gage design. 

Two basic types of pmels w i l l  be considered, sandwich and 
Both of these  types w i l l  include s o l i d  panels as w e l l  as 

Some panels w i l l  be designed for the  l o w  loads 

Other panels w i l l  

One preliminary finite-element model of a test panel is shown i n  
f igu re  10.2-1. 
desizn study of t h e  space s h u t t l e  body flep. 
long with Q r i b  spacing of 0.5 m (2C Lnchec) and has four 13 Cm (5-inch) 
diameter access holes. 
nther nene1 concepts w i l l  be examined. 

The shear  panel model comes fron t h e  previously mentioned 
The panel is  I m (40 inches)  

The spar caps and access holes w i l l  be re infcrced.  

The test method w i l l  be the  "short  beam" type of test .  Tests w i l l  be 
conducted at both room and elevated temperatures. Test results w i l l  be 
compared with analytical predictions.  
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10.3 S t a t i c  Analysis and Tests of Bonded J o i n t s  

James Wayne Sawyer and Paul A. Cooper 

Bonded composite l a p  j o i n t s  are being inves t iga ted  both analytically and 
experimentally to obta in  a better understanding of jo in t  behavior and to  
develop improved designs. 
(6009) temperature appl ica t ions  but  i n i t i a l  work involves only ambit?nt 
temperatures. 
ana lys i s  s j - m i l a r  t o  t h a t  reported i n  reference 10.3-1 and l i n e a r ,  t w o  
dimensional, f i n i t e  element ana lys i s  -sing t h e  SPAR code ( re f .  10.3-2). 
Experimental work is being conducted t o  v e r i f y  t h e  ana lys i s  results and to 
check t h e  p r a c t i c a l i t y  of various concepts. 
includes s ing le  l a p  j o i n t s  with both Cr/PI c&posite and titmium metallic 
adherends w i t h  a adhesive. 

The major t-brust of t h e  inves t iga t ion  is for 589K 

The analytical work includes both approximate closed form 

The inves t iga t icn  present ly  

. Single  l a p  j o i n t s  have been shown by several inves t iga tors  ( see  ref. 
10.3-1. 10.3-3 and 10.3-4) t o  have high stress concentrations near t he  edges 
o f t h e  j o i n t  even for ambient temperatures. 
stress and t h e  shear  stress occur and may be considerably higher  than t h e  
average stress i n  t h e  jo in t .  
in ter laminar  s t rength  cha rac t e r i s t i c s ,  high peel  and shear adhesive stresses 
which are introduced i n t o  t k  first few p l i e s  of t h e  composite adherends 
are espec ia l ly  detrimental  t o  composite j o i n t s .  
make it extremely d i f f icu l t  to obtain average mechanical material proper t ies  
f o r  t h e  adhesive under realistic use condi t ions that  are independent of the 
stress concentrations.  Thus, any modifications t o  the  j o i n t  design which 
would more evenly d i s t r i b u t e  t h e  stresses would s ign i f i can t ly  increase  t h e  
load carrying capab i l i t y  of  t h e  j o i n t  and aid i n  obtaining more real is t ic  
mechanical material propert ies  for the  adhesive. Two such concept 
modifications are present ly  being invest igated.  

Concentrations of both the peel 

Since most composite materials have low 

Also t h e  stress concentrat ions 

The first concept cons i s t s  of  applying a clamping force along t h e  edge 
of t he  j o i n t  perpendicular t o  the  adhesive layer as shown i n  figure 10.3-1. 
The clamping force is concentrated near t h e  edge o f  t h e  j o i n t  so as t o  
counteract t h e  h igh  pee: stresses. In p r a c t i c a l  appl ica t ions ,  t h e  clamping 
force could be applied by small, l i g h t  w e i g h t  fas teners  located near t h e  
edges of the  j o i n t .  
analyzed using the  SPAR f i n i t e  element computer code and t h e  element mesh 
shown i n  figure 10.3-2. 
near t h e  j o i n t  edges and t h a t  t h e  adherends and t h e  adhesive layer are each 
divided i n t o  5 element layers .  

The clamped j o i n t  shown i n  f igu re  10.3-1 has  been 

Note t h a t  t he  mesh s i z e  i s  reduced considerably 

Some preliminary r e s u l t s  obtained f r o m  t h e  f i n i t e  element ana lys i s  are 
given i n  f igu re  10.3-3 f o r  0.13 cm (0.05 in . )  th ick  t i tanium adherends 
bonded with FM-34 adhesive. The peel stress nondimensionalized by the  
average applied normal stress in  t h e  adherend is  shown along t h e  length  
of  the  j o i n t  through t h e  center  of t h e  first f i n i t e  element mesh l a y e r  of 
t h e  adherends. 
dashed l i n e  is for a c ingle  l a p  j o i n t  w i t h  an applied clamping force  equal 

The s o l i d  l i n e  is f o r  a bas ic  s i n g l e  l a p  j o i n t  and t h e  
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to 1/4 of the applied joint load. 
s t z w s  occur6 at the edge of the Joint and is slightly higher than the applied 
normal stress I n  the merend.  
stress by over 35 percent vithout significant increases i n  the other 
Strcwses i n  the Joint. Xn fact the clamping force also sl ight ly  reduces 
(by 10 percent) the maximrmp ohear stress i n  the  joint. Thus for  a jo in t  
vhere the peel stress is critical, significant improvements i n  the load 
c m  capability of the Joint may be obtained by scpe clamping of *e 
jotnt edges. 

For the  basic lap Joint, t he  maximum peel 

The clamping force reduces the maximum peel 

Preltninary w r i m t m t a l  results have been obtained on four standard 
MTM 1.3 cm (1/2 in.) overlap specimens with 0.3 cm (1/8 i n )  thick Gr/PI 
adherends snd IM-34 adhesive (ref. 10.45). 
1/8 of the marinrum load capability of an identical unclamped specimen was 
applied at the edges of the joint wily a c-clamp. 
f5&nre l O . 3 - b  rompared with results f r o m  iden t i cd  unclamped specimens. 
The clamping force results i n  approximately a 70 percent increase i n  the 
total load carrying captibillty of the  Joint. 
had relatively low interlaminar strength characteristics which resulted i n  
failure in the first few layers of the adherend i n  each case. For adherend 
ppaterials with higher interlaminar strength characteristics, clamping t he  
Joint *s mrry result  i n  less improvement i n  the load carrying capability of 
the Joirrt. 
using different adherend materials and thicknesses and clamping forces 
but show similar trends. 

A clamping force approximately 

The results are shown i n  

However, the adherend material 

Mote that the experimental and analytical results were obtained 

The second concept being investigated consists of pre-forming t h e  
adherends (ref. 10.3-6) outside the overlap area so as t o  minimize the  bending 
caused by the asynrmetric joint. 
is shown i n  figure 10.3-5. 
computer program are both being used t o  study jo in ts  with pre-formed adherends. 
A f i n i t e  element mesh similar t g  that wed for t h e  basic l a p  jo in t  (Pig. 
10.3-2) was used i n  the analysis. 

A typical jo in t  with pre-formed adherends 
Photoelastic analyses and the SPAR f i n i t e  element 

Comparisons between the photoelastic fringe patterns for  geometric 
simulations of standard and pre-formed lap joints  can be made i n  t h e  photo- 
graphs of figure 10.3-6. The fringe patterns indicate tha t  pre-forming the 
adherends results i n  a considerably more uniform stress distribution and a 
substantial reduction i n  the stress concentrations i n  the joint .  
results are shown by the  preliminary analysis results given in  figure 10.3-7 
where nondimensional peel and shear stress distributions are  shown along 
the length  of the joint .  
are for  t h e  center of t h e  first layer of t h e  adherend and are nondimensionalized 
with respect to  the average applied n o d  stress i n  t h e  adherend. 
stress distributions (fig. 10.3-7 (b)) are for  t h e  center of t h e  adhesive 
layer and are nondlmensionalized with respect to t he  average shear stress. 
The solid l i n e s  are for  a standard single lap joint  with a straight adherend 
and the dashed l ines  are for pre-formed adherends w i t h  bend angles 8 of 3, 5, 
8 an8 loo. 

Similar 

The peel stress distributions (fig.  10.3-7 (a))  

The shear 

Both the maximum peel stress and shear s t ress  are reduced by 
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increasing the bend angle. 
angle of' 

For the particular Joint investigated, a bend 
Virtu8lly eliminates the peel and shear stress concentrations. 

Both the clamped joint and the pre-fomed adherend concepts will be 
inVestigSted i\lrther. 
study using a closed form approxintate solution for the pre-formed adherend 
concept, en experimentel program to investigate each concept more thoroughlx, 
aa8 en exteasion of the theoretical and q'erimental program to include 
temperatures up to 5899 (6009'). 

Additional uork w i l l  include an enalytical parametric 
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P, A. Cooper ,  J. W. Ssrwyer, and J. E. Crews, Jr. 

Because of the  limited s t r a in  levels supported by organic matrix composite 
structures, load transfer in  such structures joined by mechanical fastening 
or adhesive bonding presents a more diff icul t  design problem than the joining 
of isotropic metallic structures, especially when large temperature differences 
occur during cure of the composite material a d  during its service life. 
Large stress concentrations, which theomtieally occur i n  joined metallic 
structures,'but are in  rea l i ty  reduced due to  local plastic defamation, do 
i n  fact exist i n  composite structures because of the l o w  duc t i l i t y  of the  
composite material system, 
m d  adhesively banded campasite structures are more complex than those of 
metallic structures - 

Thus, failure modes of mechanically fastened 

Contractual act ivi ty  w i l l  be carried out t o  extend the technology i n  
jo in t  and attachnent design which currently exists for epoxy-trix 
camposites to include polyimide matrix cuinposites so that proper data are 
available to  build graphite/polyimide (Gr/PI) l i gh t ly  loaded flight components. 
The objectives of th i s  contract are twofold: 
evaluate design concepts for specific joining applications of built-up 
attachments which can be used at rib-skin and spar-skin interfaces; secondly, 
to explore advanced concepts for joining simple composite-to-composite 
and composite-to-metal s t ructural  elements, identify the  fundamental parameters 
controlling the static strength characteristics of such joints ,  and compile 
data for design. manufacture and test of e f f ic ien t  structural  jo in ts  using 
the  Gr/PI material system. 

first,  to  identifsr and 

The major technical ac t iv i t i e s  w i l l  consist of : (1) design and s t a t i c  
and fatigue tests of specific built-up attachments acd (2) evaluation of 
staudard and advanced bonded jo in t  concepts. 

Attachments 

The purpose of t h i s  ac t iv i ty  is the identification and evaluation 
through malysis  and test of specific types of bonded and bolted Gr/PI 
composite attachments suitable for use in  l i gh t ly  loaded sandwich structure. 
The primary objective of t h e  research is  the development of eff ic ient  
composite attachment design concepts which operate reliably at temperatures i n  
the 117 t o  589OK (-250 t o  6009) temperature range. 
types of interest are shown i n  figures 11.0-1 - 11.0-4. 

The specific attachment 

A t  the  conclusion of t h i s  act ivi ty ,  the contractor w i l l  have established 
the design and checked its acceptability through a series of s t a t i c  and 
fatigue tests of both a primarily bonded and a primarily bolted attachment 
concept fo r  each of four types of attachments, a t o t a l  of eight concepts i n  
a l l .  A bonded attachment is defined as one which transfers i t s  mador loads 
across an adhesively bonded surface. 
a bonded connection. 

A co-cured connection is classified as 
A bolted attachment, w h i l e  it might have some 



secondarily bonded or  co-cured cornponznts, t r a n s f e r s  its mor loads by 
means of mechanical fas teners .  

'we contractor aril1 i n i t i a l l y  design and analyze several concepts 
for each bonded and each bolted attachment type. He w i l l  select two of 
t h e  most promising bonded and t w o  of t h e  most promising bolted concepts 
for each attachment type. Concurrently w i t h  t h i s  analytical study, t h e  
cont rac tor  w i l l  design and perform a series of laboratory tests to 
determine the adequacy o f t h e  materid processing and f ab r i ca t ion  procedures, 
determine t h e  material allouables, and evaluate bonding and f a s t ene r  
s t rengths  at elevated temperatures. 

Upon se l ec t ion  and approval o f  t h e  t w o  bonded an3 two bolted concepts 
for each type  of attachment, the cont rac tor  w i l l  fabricate, inspec t ,  and 
test under static load t o  f a i l u r e  attachments based on each of the  s ix teen  
concepts. 
for a logical comparison of t h e  t w o  bonded and tu0 bolted concepts for each 
type of attachment. 
considerat ions such as ease and p r a c t i c a l i t y  of f ab r i ca t ion  and projected 
f a t igue  behavior, t h e  cont rac tor  w i l l  select t h e  e igh t  most promising 
bonded and bol ted  concepts. 

The static test w i l l  be configured to give  s u f f i c i e n t  infarmation 

On t h e  bas i s  of test results and o the r  engineering 

The e igh t  concepts se lec ted  w i l l  be fabricated on a scaled-up 
manufacturing basis t o  assure t h a t  reliable attachments can be fabricated 
for full-scale components. 
performed on specimens cu t  from t h e  scaled-up attachment t o  v e r i f y  t h e  
v a l i d i t y  of t h e  manufacturing process. 
thermally conditioned a i d  tested i n  a series o f  s ta t ic  and f a t igue  tests 
t o  evaluate  the s t r u c t u r a l  integrity of the eight concepts. 
w i l l  be compared w i t h  s n d y t i c a l  results - x e d  t o  e s t a b l i s h  t h e  designs 
and an evaluation of design procedures w i l l  be made. A t  t h e  conclusion 
of the  task ,  s u f f i c i e n t  information w i l l  be ava i lab le  f o r  t h e  cont rac tor  
t o  judge t h e  r e l a t i v e  efficiency of bonded and bolted concepts f o r  each 
attachment type. 

A series of  static tests t o  failure w i l l  be 

The remaining specimens w i l l  be 

Test  results 

Standard Bonded J o i n t s  

The purpose of this a c t i v i t y  is t h e  establishment of  a l i m i t e d  data 
base descr ib ing  the  influence of va r i a t ions  in  basic  design paremeters 
on t h e  static s t rength and f a i l u r e  modes of C/PI bonded composite j o i n t s  
at elevated temperatures. The primary objec t ives  of t h i s  research 
are t o  provide da ta  uscfiil f o r  evaluation of standard bonded joint  concepts 
and design procedures, to provide t h e  designer w i t h  increased confidence 
i n  t h e  use of bonded high-performame composite s t ruc tu res ,  and to evaluate  
possible  modificatic.,s to t h e  standard j o i n t  concepts for improved 
eff ic iency.  
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'Po accanpliah these objectives, the contractor w i l l  design, fabricate, 
and stetically test several classes of composite-to-composite and coenposite- 
to-aetdlfc bonded j o i n t s  including single-and-double-lap joints ,  scarf 
joints, and steplap jo in ts .  
adhesive thickness, and sdherend stiffness and ply stacking sequence at 
room and elevated temperatures. 
lap joint conceptn wbich show promise of improving jolnt  efficiency. 
Possible concepts are performed adherends, mixed adhesive systems, and lap 
edge clamping. 
prog;raar and their performance compared w i t h  the perforaance of the standard .loints. 

Test parmeters w i l l  include lap length, 

The contractor and NASA vi11 select advanced 

These concepts w i l l  be added to the static strength test  



2 38 

X z 

0 
4 

0 e 

I 



239 

a 
(u 

e 

4J 
4 
I 

(\I 
I 
0 

a 
r) 
r) 



240 

m 

0 c 

!L 
% u 
u 

1 u 
a 
& 

2 
I 

m 
I 
0 

rl 
rl 

Q) 
k 
3 
P 
-4 
tc 



2" ' 

X z 
_.I 

% 
N 

2 .  

e 
t 

i 

X z 



242 

12.0 ADVANCED TECHNO?.DGY DEVELOPMENT 

12.1 NR-150 Adhesive Development 

T. L. St. Clair 

The objec t ive  o f  t h i s  cont rac tua l  program (ref. 12.1-1) w a s  to  develop 
Nlb150B2 polyimide resin i n t o  an adhesive f o r  bonding high temperature 
graphite/polymer matrix composites. 
acceptable du rab i l i t y  f o r  125-500 hours at 589K (6OOOP) i n  air  and a 
s ign i f i can t  improvement i n  p rocess ib i l i t y  compared t o  standard high 
temperature aromatic condensation polyimide adhesives. 
of 28 MPa (3000 p s i )  at room temperature and 14 MPa (2000 p s i )  at 589K 
(600 P) were also goals. 

The adhesive was  t o  be designed t o  have 

Lap shear  s t r eng ths  

The inves t iga t ion  included three tasks: (1) evaluat ing va r i a t ions  i n  the  
monomer so lu t ion  stoichiometry as i t ' a f f e c t s  t he  flow and g l a s s  t r a n s i t i o n  
temperature (T ) of t h e  polyimide r e s in  derived from t h e  so lu t ion ,  (2) op t i -  
mizing the  bon&ing conditions within t h e  l i m i t s  obtainable  i n  commercial 
production autoclaves,  and (3) demonstrating the  capabi l i ty  of t h e  newly de- 
f ined  adhesive composition and process using titanium adherends. 
o f  t h e  adhesive was then demonstrated by: 
prepared from graphi te  f iber/NR-lSOBZ adherends t o  four differen5 environ ents ,  
(2) preparing and evaluat ing wide area bonds [greater than 25 c m  (10 in .  ) ]  
and face sheet/honeycomb core f l a twi se  t e n s i l e  specimens, and (3) evaluat ing 
adhesive crack propagation at 589K (60OOF). 

The u t i l i t y  
(1) exposing l ap  shear  samples 

1 

During t a sk  1, i t  w a s  found t h a t  improved r e s in  flow at  s ign i f i can t ly  
lower adhesive prepreg v o l a t i l e  levels, which would lead t o  low void 
bond lines, could only be obtained using an adhesive r e s i n  which had a Tg 
w e l l  below S89K and, therefore ,  was unsui table  for use at tha t  temperature. 

I n  t a sk  2, no combination of autoclave bonding and free-standing postcure 
conditions could be found which produced acceptable l ap  shear bonds a t  both 
R.T. and 589K using NR-150 polyimide adhesive systems based on N-methylpyrrolidone 
( N M P )  as the  solvent.  However, replacement of t h e  NMP with diglyme ( the  
dimethyl e t h e r  of diethylene glycol) i n  the  adhesive sys tem resu l ted  i n  a 
dramatic improvement i n  p rocess ib i l i t y  of the  adhesive and the  attainment of 
acceptable bond s t rengths  at both R.T. and 589K using the  following bonding 
cycle and prepreg: 

Bonding cycle: R.T. t o  589K a t  2.8' K/min (s0F/min) under f u l l  vacuum, 
1.4 MPa (200 p s i ) ,  then 1/2 hour bonding, f u l l  vacuum, 1 .4  MPa a t  589K and 
1 hour postcure, f u l l  vacuum, zero pressure at  589K. 

Prepreg: 0.3 rnm (13 m i l s )  th ick,  8-9X v o l a t i l e s ,  112-38 S t y l e  E 
g las s  scrim with a 1-621 f in i sh .  

This  newly developed NR-150 adhesive system was used i n  t a sk  3. Lap 
shear  samples, prepared from composite adherends, were exposed t o  the 
following environments: 500 hours i n  589K air  ( f igure  12.1-1);  35 days 
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i n  322 K (l2O0F) 
at R.T. (figure l2.1-3); and 34 days immersed i n  methyl ethyl ketone (MEK) at  
R.T. These studies indicated t h a t  t h i s  new adhesive bond had excellent 
resistance t o  these environments. 

95% RH (figure 12.1-2); 34 days immersed i n  Jp-4 J e t  f u e l  

Evaluation of boraing w i d e  areas using this adhesive (Pig. 12.1-4) 
indicated t h a t  acceptable bond strengths could only be obtained using 
abnormally long cure cycles i n  order t o  allow diffusion of the  vo la t i l e s  
out of t h e  bond line.  

I 

Flatwise t e n s i l e  specimens prepared using composite face sheets and 

More 
titanium honeycomb core (fig. 12.1-5) had low strengths because of poor 
techniques i n  curing the primer coating on the  honeycomb c e l l  edge. 
effort w i l l  be required t o  produce honeycomb sandwich panels with the  
flatwise t e n s i l e  strength levels expected from t h i s  -?w adhesive. 

1 

A wedge-type crack propagation test at 589 K using 3 mm (1/8") 
thick unidirectional graphite fiber/MR-l5OB2 adherends confirmed the  
excellent toughness and s t a b i l i t y  of t h e  new NR-150 adhesive (fig. 
12.1-6). 

The results of these these tests indicate t h a t  the  newly developed 
experimental adhesive has potent ia l  as a high temperature adhesive fo r  
use i n  the harsh environments t o  which jet  engine pa r t s ,  high performance 
mili tary aircraft, and space vehicles are exposed. 

The problem area yet t o  be overcome is t ha t  of large-area bonding. 
Low strengths i n  the  center of these bands is a def in i te  drawback t o  
t h i s  adhesive as w e l l  as other -mmercially available condensation-type 
adhesives. 
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Re fe ren ce 

12.1-1. Blatz ,  Philip S.: NRlSOB2 Adhesive Development. NASA CR 3017, 
April 1978. 
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12.2 LARC-13 Adhesive Development 

T. L. St. Clair 

The CASTS pmJect  needs an adhesive which can withstand 3.25-500 hours 
at 5m ( 6 0 0 9 )  i n  air w i t h  l ap  shear strength go& of 20 WBa (3000 p s i )  
at roam temperature and 11 MPa (2000 p s i )  at 589K both before and after 
aging at SBK. 
close t o  meeting t h i s  goal, but volatile evolution during cure precludes 
t h e i r  use in  large-area bonding. 
therefore shows promise f o r  large-area bonding. Physical and chemical 
changes t o  the exis t ing  resin as well as processing studies could l ead  
t o  an improved version of t h e  resin. 

Commercially available high-temperature adhesives came 

LARC-13 is very l o w  in  volatiles, and 

%e present version of t h e  Langley-developed LARD13 has been 
successfliUy used to bond high temperature 1533-589K (500-400OF)1 graphite/ 
polyimide composites and some m e t a l s  i n  various NASA in-house programs. 
l h i s  adhesive is an addition-type polyimide with nadic end caps which 
contains 3 percent by weight aluminum pawder. 

LARC-13 is an oligomeric amic-acid af'ter coating on a glass scrim t o  
450K (35O0F). The result ing adhesive cures without t he  evolution of 
volatiles through t h e  nadic  end groups. 
titanium bonds are 21-28 MPa ( 3 O O O - b O O  p s i )  at roan temperature and 
8-10 MPa (1100-1500 ps i )  at  589K. 
at the  test temperature due t o  an increase  i n  glass t rans i t ion  temperature 
of the  system. 
hours with a gradual loss i n  strength occurring with subsequent aging 
at 589K. 

Lap shear strengths for titanium- 

The 589K s t rengths  increase with aging 

A m a x i m u m  strength is attained after approximately Pif'ty 

A one year contract w i l l  be awarded t o  alter t h e  LARC-13 formulation 
physically and/or chemically i n  order t o  optimize fo r  l a p  shear strength 
at both room temperature and 5 8 9 K  before and after aging. 
modifications may involve changes i n  type and quantity of fillers and i n  
solvents. 
for 3,3'-methylenedianiline with mother  arcmatic diamine i n  order t o  
increase the  glass t rans i t ion  temperature (T ), the  use of the  esters of  
benzophenone tetracarboxylic dianhydride ( B d A )  and nadic anhydride (NA) 
in a monomeric m€xture approach, o r  variations i n  stoichiometry. Thermo- 
mechanical analyses w i l l  be determined on both cured neat resin and 
banded adherends. Other r e s i n  characterization techniques such as i n f r a -  
red, themogravimetric analysis and d i f f e ren t i a l  scanning calorimetry w i l l  
be employed. 

Physical 

Chemical modificatims may include p a r t i a l  monomer subs t i tu t ion  

A processing study w i l l  be undertaken t o  optimize t h e  LARC-13 system 
fo r  use i n  t i tanium-titanim and composite-composite bonding. 
w i l l  include optimization of adhesive prepreg preparation (vo la t i l e  content, 
carrier, percent r e s i n ,  "B"-stage) as well as optimization of bonding 
conditions. 

The study 
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A surface treatment compatible with LARC-13 w i l l  be chose0 for both 
t i tanium and composite. 
(Pasa-Jell, phosphate-fluoride) or a proprietary anodizing procedure. 

This treatment may he one in comon usage 

Standard l a p  shear  samples (coaposite-composite surd titanium- 
titanium) w i l l  be fabr icated (4 specimens f o r  each test condition) and 
tes ted  according to ASTM D-1002. T e s t s  w i l l  be performed both before 
and a f t e r  589K aging in  air. The same aging and testing will also be 
ccroducted fo r  6.4 x 6.8 x 2.5 an (2 1/2 in x 2 1/2 x 1 in) f la twise  
tensile samples which w i l l  consist of composite facesheet and glass/ 
polyimide core. 
160. 
property tests. 

The composite w i l l  be graphite/NRlSOFQ, PMR-15, or LAX- 
The composite w i l l  be t e s t ed  fo r  qua l i ty  by C-scan and physical 



12.3 Development of NRlSOB2/LAI1C-160 Polyimide Graphite Hybrid Composites 

Robert A. Jewel1 

I n  the  CASTS project ,  development of hi& temperature graphite reinforced 
composite structurem has ceatered upon several polyimide matrix materials, 
tws of which are Dupont's NRLSOB2 and MA-Langley's IABC-160 reein 
systems. The primary objective of t h i s  contractual task  is t o  develop and 
optimize a method for co-curing these two dissimflale polyimide preprega 
into hybrid composites which exhibi t  the  best  propert ies  of both resin 
8ySt8IlB. 

Preliminary work conducted at NASA-Langley has  shown tha t  by combining 
NRl50B2 and LARC-160 graphite prepreg t o  produce a hybrid laminate 
beneficial  e f f e c t s  i n  terms of fabricat ion and themooxidative s t a b i l i t y  
may be achieved without s ac r i f i c ing  desirable  oechauical properties.  
Dupont's NRl50B2 system cures t o  a lsnear,  high molecular weight material 
and has demonstrated excel lent  themooxidative s t a b i l i t y ;  however, NR150B2 
Sraphite prepreg is d i f f i c u l t  t o  process, par t icu lar ly  i n  fabr icat ing th ick  
sections. 
highly crosslinked material and is amenable t o  autoclave processing; 
however, LARC-160 compgsites are b r i t t l e  and exhibi t  marginal themooxidative 
s t a b i l i t y  at  589K (600 P). In  developing methods for cocuring these 
systems, the activities are defined in three subtasks. 

The NASA/LAI1C-160 system cures by an addition reaction t o  a 

In subtask A, each graphitelpolyimide system w i l l  be characterized f o r  
prepreg qual i ty  assurance, prepreg processabili ty,  and laminate physical  
and mechanical properties. The success of the  t a sk  w i l l  largely depend on 
establ ishing a rigorous qua l i ty  assurance effort and a so l id  da ta  base f o r  
SUb6equent evaluations of cocuring e f for t s .  
on process development - de€ining heating rates, dwell temperatures and 
times, pressures, bleeder arrangements, and postcure requirements. 
subtask C w i l l  be devoted t o  f i n a l  optimization and t e s t ing  of both 
clad and iqterdispersed types of hybrid composites. 
hybrid composites w i l l  be assessed by comparative measurements of t h e  per t i -  
nent properties of graphite/LARC-160 and graphite/NRlSOBP laminates which 
were processed in subtask A. 

In subtask B, emphasis w i l l  be 

Work i n  

The u t i l i t y  of the  

The contractual e f f o r t  is expected t o  last 12 months. 
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12.1 Porous Vented Tooling 

Robert Bsrucorm 

2be removal of solvents cmd reaction by-products &r&ng the cure qcle  
of reinforced hi@ temperature polymers is arit ical  to the manufacture of 
structurally sound laminates. 
providhg an endless path  for efTluent removal during the cure cycle for 
graphite/polyimides vGch could reduce or eliminate the possibility of 
entrapment of solvents or reaction by-proMs. A contractual study is 
planned for the determbnatiar of the feasibil ity of castable pornus 
cQIramic tooling for curing $Es m t e  reinforced PMR-15 polyimide resin. 
Contract award for this study fs anticipated in July, 1978. 
of the contract w i l l  be 9 mollths, inclusive of the final =port. 

Porous tooling has the potential of 

'Ihe duratian 
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12.5 Fabrication and Test of Glass/Polyimi& Honeycomb Cores for 

Advanced Space Transportation Systems 
Mark J. Shuart 

t The primary objective of t h i s  task  is  t o  fabricate and test specific 
types of li@tweigkt, hi@ temperature resistant glass/pollyinbde honeycomb 
cores. The marterial system will be evaluated for appUcakion t o  advanced 
space transportation systems. 
demonstration of the abi l i ty  to  fabricate glass/polyimide honeycamb and 
t o  characterize the material at both roam and elevated temperatures. 

108 glass fabric with LARC-160, EMR-15, and lVR150B2 polyimide resins. The 
honeycomb cores w i l l  also be tested in  compression and shear. 
be performed on as-fabricated and 589K ( 6 0 0 ~ ~ )  aged specimens at both room 
temperature and 589K. 
month period. 

Accomplishment of this objective Will require 

ate contractor will fabricate glass/polyimide honeycomb cores using 

Tests w i l l  

All work will be performed over an eight and one-half 



12.6 Mevated Temperature Bolted Joint Test  

Paul A. Cooper 

The primary objective of this grant program with the University of 
Delaware is  the development of test techniques t o  evaluate the elevated 
tempe&ure behavior of mechanically fastened joints  of composite materials. 
In addition the creep/relaxatian behavior of these systems w i l l  be studied. 
During the first year of this grant the influence an j o in t  strength of 
temperature, laminate geometry, loading coadition (i.e. pin versus bol t )  , 
and jo in t  geometry were investigated for a contemporary graphite-epaxy 
composite system. 
program was implemented. 
conf'iguration, specimen geometry (fig. 12.10-1) and temperatures of 
29X, Sk, 450K (75,  250, 350°F). 
t h e  fiber dominated system [245/0 /f45/O3/9OIs t o  the  quasi-isotropic 

3.8 cm (0 3/4, 1, and 1 1/2 in) w e r e  examined. 
was set at 1.9 cm (3/4 in).  

In  order t o  develop the required information, a test 
The parsmeters studied included laminate 

The laminates investigated ranged from 

laminate, [0/545/90]2s. In addit 9 on, specimen widths of 1.9, 2.5, and 
Finally, pin end distance 

The University is now examining the behavior of graphite-polyimide 
composite joints  over a greater temperature range in order t o  establish 
a correspondence between the behavior of the polyimide and epoxy matrix 
composite joints. 
temperature response of polymeric composites is the glass t ransi t ion 
temperature of the polymer, elevated temperature response for the polyimide 
will be examined 88 a function of temperature, nondimensionalized with 
respect to  glass transit ion temperature. Hence, the first phase will focus 
upon development of polyimide bolted joint  data which duplicates that 
generated for  t h e  epoxy matrix composite during the f i rs t  year of the  
grant. 

Since the parameter which governs the elevated 

The test program w i l l  allow evaluation of the ultimate strength and 
failwe mode of single element bolted joints  as a f'unction of test 
specimen geometry. 
the f iber  dominated laminate [~b5/O3/lfi45/O3/9OIs t o  the matrix dominated 
laminate [++5/903/545/903/0 Is and thereby reflect  all potential fa i lure  
modes.. 

In addition the laminates examined will range from 

Experimental studies underwg with graphite/epoxy specimens w i l l  
examine the influence of out-of-plane restraint  due t o  fastener inter-  
ference upon jo in t  strength and failure mode. This w i l l  be accomplished 
by restraining the laminate thickness expansion by a Teflon surfaced annular 
disk of given contact area. No torque w i l l  be applied through the bolt .  
The results of t h i s  study w i l l  determine t h e  specimen configuration fo r  the 
specimen configuration for the proposed graphi te/polyimi de test program. 



The obJect of the second phase of the program Will be the determination 
of the time &pendent behavior aud loading rate sensitivity of polyimide 
bolted Joint elements. This phase of the program should be complete by 
ab-  1979. 
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\ Scotchply end tab 

Figure 12.6-1 - Test coupon geometry. 
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12.7 Orthotropic Photoelast ic i ty  

Paul A. Cooper 

Filamentary ccmposite s tnc tL . ,  es have hieh in-plan;: s t i f f n e s s  and 
Etrength but qu i t e  low s t ruc tu ra l  propert ies  normal t o  the  plane of the  
fibers. 
as two-dimensional s t ructures .  Transmission photoelast ic  experimental tech- 
nrques are par t icu lar ly  w e l l  sui ted f o r  use i n  t h e  study of such s t ructures .  
I f  or thotropic  transparent birefr ingent  material were available,  studies could 
be made usinc photoelast ic i ty  t o  ve r i fy  closed-form ana ly t ica l  o r  finite-element 
solutions of t h e  stress dis t r ibu t igns  i n  plane orthotropic s t ructure8 with 
complex boundary geometry, complex in-plane loading, and areas of high stress 
concentrations. 

Thus, composite s t ruc tures  are usually designed most e f f i c i e n t l y  

During the iast several years attempts have been made t o  develop 
or thotropic  transparent material w i t h  su f f i c i en t  birefringence f o r  use in 
transmission photoelastic s tudies  of two-dimensional s t r u c t u r a l  models 
(ref. 12.7-1 - 12.7-6). With t h e  successful development of these materials 
and t h e  formulation of appropriate stress (or s t r a i n k p t i c  laws, full-fYeld 
photoelastic s tud ies  can be made of stress d is t r ibu t ions  i n  plane composite 
structures of complex configurations.. However, there is  no ready 
ava i l ab i l i t y  of such materid nor is there  agreement as t o  t he  consti tuent 
makeup of the matrix for highest op t ica l  s e n s i t i v i t i e s .  
therefore planned t o  siipport the  development, manufacture, and delivery of 
opt ica l ly  sens i t ive  or thotropic  photoelastic materials. 
w i l l  formulate an appropriate fiber/matrix mixture so t h a t  the  component 
ccnst i tuents  of the  mixture have similar op t i ca l  charac te r i s t ics ,  dmelop a 
procedure fo r  manufacture of  unidirect ional  filamentary composite prepreg 
and subsequently fabr icate  and del iver  a number of multilayer laminated 
sheets of various p ly  or ientat ions.  

A contract is 

The contractor 

A small photoelastic stress analysis laboratory with a transmission 
type polariscope has been inst .alled at the  Langley Research Center t o  a id  
i n  the evaluation. of stress d is t r ibu t ions  for various Joining concepts. 
A stress or st rain-opt ic  law w i l l  be formulated and ve r i f i ed  by comparing 
experimefital stress results with an ana ly t ica l  solut ion of a w e l l  defined 
composite s t ruc tu ra l  problem. Techniques f o r  oblique incidence methods 
t o  separate pr incipal  stresses w i l l  likewise be developed atad these 
procedures w i l l  be hpplied t o  the  experimental evaluation of composite 
bonded jo in ts .  
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12.8 Fracture Under Siaxial  -Loading 

G. L. Roderick 

Ihe George Washington University will imstigate the r'om temperature 
biaxial A.acture behavior of graphite/polyimide cumposites. 
some graphite/epoxy specimens w i l l  be tested for reference data. 

hading ( f i g .  z.&l), developed a sldtable cruciform specimen 
(pig. 12.8-21, set up displacement gages, and checked performance an 
specimens of alumbum. 

Initially, 

Over the previous twelve mmths, the Wwersity has tested its biaxial 

During the next report period, the University plans t o  test twenty 
graphite/epoq- specinmu, and twenty graphite/polyimide specimens. 



specimen 

Figure 12.8-1 - Biaxial test system, 



26 3 

E 
0 

- 1  

Figure 12.8-2 - Biax ia l  t e s t  specimen w i t h  reinforced tabs. 



12.9 Failure Analysis of Fiber Reinforced Composites 

Gary L. Farley 

The objective of this research is to  develop a rigorous mathematical 
procedure for modeling the  failure of a composite specimen subJect t o  certain 
mechanical and environmental loading conditions. 
characterized by a succession of local failures modeled as a crack 
propagation procedure. 
application of an existing local failure criteriou, such as Tsai-Wu or 
maximum st rain.  

lhe failure process is 

In i t ia t ion  and s tab le  crack grorth is defined by 

In t h i s  study, the tensile coupon was chosen as the  composite specimen 
for both analytical and experimental investigations. lhese specimens w e r e  
fabricated with Celion fiber and m-15 polyimide resin. ' h is  specimen 
selection was based upan economic consider&ioas, r e l i ab i l i t y  of msults, 
and the nunber of different phenomena exhibited by the specimen through 
failure. 

A general purpose l i n e a r  elastic f i n i t e  element code (SPAR) w i l l  
be employed as the  analysis tool. Processors, compatible with SPAR, 
have been developed to  include the modeling of material and geometric 
nonlinearities as w e l l  as residual stresses induced through 
manufacturing . 

An experimental program has been undertaken t o  veri@ the aforementioned 
analytical procedure. 
ambient and 589OK ( 6 0 0 ~ ~ )  temperature conditions and characterization of the 
basic extensional and shearing failure modes. 

%is includes m a t e r i a l  property characterization far 

To date, al l  major computer code development has been campleted. 
Individual specimens are being machined f r o m  large panels; the machining 
and s t r a i n  gaging of specimens w i l l  soon be completed. Ihe material 
property characterization, the experimental and analytical phases of 
the extensional and shearing failure mode investigation, and the 
ult imate  s t rength  tests w i l l  soon be completed. 
data reduction and reporting of results is expected t o  be completed during 
the coming three months. 

The remainder of the 


